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\s-S SYSTEM: PHASE RELATIONS AND 
\PPLICATIONS 


LLOYD A. CLARK 
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ysical conditions of formation for both sulfide 
ly metal that forms common arsenide as well 
iron. Therefore, the phases and phase relations 


tail \rsenopyrite, the only ternary 
commonly in both types of deposits. Hence 


de 


a 
irsenopyrite, of its associations with other phases in 


sible variations as related to different physical and 


th the ternary system, was basic to the correlation 


Significance Hecause it occurs Im many 
seems to be a function of the amount of arseno 
composition, properties, stability ind phase 


if not determined in the presence of gold, are 


n minerals * in the Fe-As-S system \rseno 

loellingite, being most common, are of most 

The synthetic system also contains the phases 
natural occurrences are known 


names used in tables and figure iside from 


suggested by Chace (20 he abbreviations 
Asp; loellingite, Lo; marcasite, Ms: pyrrhotite 


liquid, I.; and vapor, V 


PREVIOUS WORK 


relations in the three bounding binary systems 


udv of the ternary svstem The phase relations 
binary systems heen studied by other workers, but some additional 


was required in tl and As-S systems. This work will be di 
1 in a later se 
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orresponds closely with the composition FeS at all temperatures up to the 
iron-FeS eutectic at ORS 36 The solvus curve that forms the sulfur 
determined throughout the temperature range 325° ( 


where the sulfur content reached a maximum 


(47) found the pyrrhotite melting relations 


hat the melting temperature in the presence 
ximum of 1,190° C for the pyrrhotite 


itomic percent sulfur This com 


COM post 


the Sallie composition 


ns and relations in the region below 32 


defined, were studied by Rinne and Boeke (7 
37, 38, 39), and Grénvold and Haraldsen (33 
pyrrhotite, determined by Hagg and Sucksdorfi 
hexagonal NiAs-type with space group P6,/mm« D..* In 
e most recent low-temperature study by Gr@nvold and Haraldsen (33), it 
vas concluded that FeS at 20° C had a superstructure modification of the 
Ni lhe superstructure disappeared on heating to above 138° C 
Pyrrhotite with a « position near Fe,S, 


+} 


\s structure 


was found to be monoclinic it 
X-ray powder photographs taken at both 20° and 190° C but was of the 
NiAs-type at 360° ( Material with the basic NiAs structure had a narrow 


omposition range a roon temperature, which lay between FeS and Fe »S 


but all pyrrhotites had this structure when X-rayed at 360° ( The cell 


limensions decreased with increased iron omission; those for pyrrhotite with 
52.600 atom percent sulfur were a 3.440, A. and « 5.720 \ at 20° ( 


Che structure and limensions for the FeS superstructure were determined 


by Bertaut (5) as P62 D.,*, a 5.958 A, and ¢ 11.74 A Monoclini 
| vy Bystrom (19) from a natural occurrence 
sions for monoclinic pyrrhotite with the approxi 
determined by Bertaut (4 is C2 { 
22.72 and B = 90° 05 
yrite at 743 Es ( where the phases pyrite 
r coexist, was shown in a phase diagram by 
in 1959 \fter a thorough laboratory study and 
review, Kullerud and Yoder concluded that pyrite 
sulfide experiments only the isometric FeS 
nthesized Marcasite, the orthorhombic form, 
Kullerud and Yoder to it 


al 
vert to pyrite under the pressure of it 
at temperatu low as 400° ( Schubert (80) heated n 


ont ic , , 1 : , . 
presence na ! ints of al d sulfur in sealed tubes, to study 


larcasite 


temperature at which a detectable 
His conclusion that marcasite is the 
lit ded because he did Trot dema 
is first determined 11 


The ell dimensior 
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Very little has been published concerning the liquidus in the region 54 
to nearly 100 atomic percent fur. The solubility of iron in the sulfur-rich 
liquid at 895° C is approximately 0.1 weight percent (2 Kullerud and 
Yoder (54) give the value at 800° C as being less than 0.1 weight percent 
iron 

The stability fields, if any, for the reported phases Fe,S, (kansite) and 
Fe,S, (smythite) ; known kansite (60) occurred in a corroded 
oil well casing \ described (28) in an occurrence with mono 
clinic pyrrhotite 

Variations of vapor prt s a function of temperature in pyrite-pyr 
rhotite vapor assemblage were measured by several workers The se, along 
with other vapor-pressure data, will be discussed later 

The Fe-As Systen Aside from rare occurrences of the elements, the 
only known mineral in this system is loellingite (FeAs 

The data bearing on the phase relations in the 0 to 50 atomic percent 
arsenic portion of the system were assembled into a phase diagram by Hansen 
and Anderko (36 They show an arsenic solubility in a-iron which reaches 
a maximum ot approximately ‘ itomic percent at the eutectic temperature, 
835° ( The eutectic composition is near 24 percent arsenic The phases 

\s and FeAs are stable at all temperatures up to their melting points at 
919° C and 1,030° C, respectively Hage (34) claimed that there was a 
phase Ke A ( first reported by Friedrichs, 30) which was stable only above 
795° ( His only evidence was the microscopic texture assumed by Fe,As 
and FeAs in an Fe,As, bulk composition that had been annealed at a tem 


( 


perature above 795° ( His X-ray photographs contained only the reflec 


tions of Fe,As and FeAs \n analogous phase stable only at high tem 
perature was rep the Co-As system by Hevding and Calvert (41) 

The symmetr id cell dimensions for Fe,As and FeAs were studied by 
various workers alt om the most recent study by Heyding and Calvert 
(41) are summarized q 

Roseboom (75 abl lt limits for variation of the iron-to-arsenk 
ratio tor synth ‘ ; The high arsenic limit was 1: 1.998 
0.002 with t lov omewhere between 1:1.97 and 1: 1.98 Rose 
boom (76 uld find no measurable differences in the spacings of X-ray 
reflection ge ¢ loellingite compositions. These values are 
given 

The loellingite structure w analv; by de Jong 1 1926, and 
Buerger (10) in 1932. Buerg concluded on t of density 
measurements that an observed arsenic deficiency was to iron atoms 
proxying for ic atoms in the structure Buerger | attributed the 
stability o loellingite structu to bonding between adjacent pairs of 
arsenic atoms with shared electro Buerger (12) showed that “arsenofer 
rite,” reported as isotro < as really loellingite. There are no known 
reports of Fe h: > structurs 

Very little has | bl dd ncerning the liquidus of the Fe-As system 

gion 50 t | nt arsenk In 1911 Hilpert and Dieckmant 


vnthesized F : d determined its approximate melting temperature 
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They heated a sealed, evacuated, transparent quartz tube, which was two 
thirds full of powdered FeAs,, at various temperatures. After each heating 
they observed, through the tube wall, whether or not the material had melted 
Melting occurred at some temperature between the heatings at 980° and 
1040° ¢ 
ie triple point and sublimation temperatures 

arsenic vat values selected by Kracek (52) in his compila 
tion of mineral melting and transformation temperatures are sublimation 


it OOF" ( and triple pomt at S1, ( ind 36 atmosphere . 


The As-S System Che only extensive study of this system, done in 1909 


by Jonker (50), was based on time temperature curves and on analyses for 


sulfur in vapors given o uling liquids Since his work was done at 


atmospheric pressure (i.e., below the arsenic triple point), the arsenic sub 
limated, and Jonker encountered no liquid phase in the arsenic-rich portion 
of his diagram. His 1 atmosphere, isobaric section cuts, at 534° C, the curve 
which defines the vapor pressure as a function of temperature for the arsenic 
liquid-vapor assemblage Jonker found that the liquid with the highest boil 
ing point (/08° C) at atmospheric pressure had the composition As,S This 
was also the composition of the vapor at that point For liquid compositions 
hetween As.S, and pure sulfur, the coexisting vapor was more sulfur rich 
Where the arsenic content of the liquid exceeded As.S . the coexisting vapor 
was more arsenic rich than the liquid Further, it may be concluded from 
Jonker’s work that if temperature were held constant and vapor pressure 
varied as a function of the liquid composition, then this vapor pressure would 
pass through a minimum for liquid with the As,S, composition and would 
increase for liquids richer in either sulfur or arseni 

Jonker (50) gave the congruent melting points of artificial realgar and 
natural orpiment as 321 ind 310° C, respectively West (94) measured 
the triple point for monoclinic sulfur coexisting with liquid and vapor as 
115.176 0.010° ¢ He calculated that the melting point at 1 atmosphere 
would be 115.21 


ection briefly summarizes al - known reports of previous work 


irsenopyrite svnthesis ‘composition, and cry stallography 
is the reports of binary pl 1 th ree boundary joins which con 
tain the third component of the ternary system in solid solution 


McKinstry (59) proposed phi liagrams for the Cu-Fe-As-S system 
based on literature descriptions of ural assemblages. His representatior 
% the phase relations in tl ‘ vstem (59, Fig. 6, p. 21) show the 
following tie-li arsenop\ wri irsenopyrite-py rrhotite, and arseno 


: , , 
pvrite-loelling: ‘ive nore questionable tie-lines are shown dotted 


arsenopyrite-1rot arsenopyvrite-arseni irsenopyrite realgar, pyrite realgar, 


and pyrite-orpiment. The a : ind Fe.As were not considered 


\icKinstry proposed the 10 nopvrite because he knew of no reports 





‘ 


i 


ite-pyrrhotite ; however, the latter mineral pair is 


ple, Stillwell and Edwards, 8&5 lie-lines change 


} 


position temperature and pressure. Therefore, phase dia 


isolated mineral occurrences, even if each is an 
assemblages that are not all stable at 
application of such a phase diagram rather 
perimental work shows that McKinstry’s dia 
relations at temperatures below 491° C (Fig 


iron tie-line is impossible under all 


conditior 
edition of Dana’s System of Mineralogy (68 
irseno vas synthesized by de Sénarmont 
n of iron sulfate and sodium 
ess sodium bicarbonate at 300° ( The 
not attacked by strong HCl 
form of natural arsenopyrite 
lo the writer s knowledg 
irsenopyrite 
stem of Mineralog 68, p. 321) it was 
synthesized by Ipatiev and Nikolaiev 
was to have synthesized scorodite 


arsenopyrite upon heating was first reported 
e temperature as “dark red heat.”" He at 

in a cathode vacuum apparatus but always found 
Imixed in the distillate No additional informa 
he decomposition products. In 1917 Borgstrom 
temperature of arsenopyrite to be 700° C at 1 
information was given about the decomposi 
studied the thermal decompositior 

| larger crystals at various 

acuated, silica glass 

ital decomposition 

Using X-ray 


pyrrhotite 


decomposition of arsenopyrite 
Hiller and Probsthain (42 

at atmospheric pressure The 
10 percent of its sulfur, but 


nmagneti 


t undergo 


ned micré 
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scopically for homogeneity. Kopp and Kerr (51), and Asensio and Saba 
tier (3), carried out their d.t.a. experiments in air. They record an exo 
thermic reaction at about 530° C and 500° to 650° C, respectively, which is 
due to oxidation The oxidation reaction for loellingite (3) was between 
550° and 700° ¢ 

The arsenopyrite cry | structure was briefly discussed by de Jong (49) 


ghly studied by Buerger (13, 14). Buerger postulated 


and was more thorou 


two kinds of symmetry in arsenopyrite. He assumed that his “ideal arseno 


pyrite” had the composition FeAsS and was monoclinic holohedral with the 


space group P2,/« al He believed that “common arsenopyrite” devi 
ated from the ideal chemical formula by the preferential substitution of extra 
ideal atoms for ideal formula atoms in alternate layers of the structure. This 
substitution resulted in the destruction of the glide plane and screw axis of 
the monoclinic space group making the structure triclinic holohedral with 
the space group PI C? But for both he gave the same cell, which was 
geometrically pseudo-orthorhombic with a = 9.51 A, / 5.65 A, « 6.42 A, 
and B = 90 In every crystal that Buerger studied with the Weissenberg 
camera, he found twinning that gave rise to a pseudo-orthorhombic distribu 
Using the d: 


tion of intensity values ta from twinned arsenopyrite crystals, 


combined with his knowledge of the gudmundite (FeSbS) structure, Buerger 
(16) confirmed the distorted marcasite-type structure for arsenopyrite, which 
he had proposed earlier (13, 14 

Incomplete X-ray powder diffraction data for arsenopyrite were given 
by de Jong (49) with the indexing based on an orthorhombic cell. The 
X-ray diffraction intensities and d-values for nine of the strongest reflections 
were also given by Harcourt (40 

Loellingit In an attempt to synthesize loellingite containing sulfur, 
Neumann, Heier, and Hartley (65) mixed Fe, As, and S in amounts corre 
sponding to 90 mole percent FeAs, and 10 mole percent FeS The charge 
was heated in an evacuated glass tube at 600° C for 90 hours. They state 
“After this time free sulfur was still to be seen in the tube, and the loellingite 
produced by the experiment is thus presumably saturated with respect to 
sulfur under the prevailing P-T conditions.” * Their conclusion, based on a 
limited amount of X-ray data, \ hat sulfur was soluble in loellingite and 


was capable of causing substantial anges in the interplanar spacings They 


also gave the d-values from the powder diffraction patterns of three analyzed, 
natural loellingites containing various amounts of sulfur. Substantial varia 
tions in the data were attributed by Neumann, Heier, and Hartley to the 
different sulfur contents 

Pyrite Using X-ray wader diffraction data Neuhaus (64) concluded 
that the arsenic that posed a problem in the milling of a certain pyrite was 
held in solid solution vrite cell value was greater by 0.031 A *® than 
the value of 5.453 O.004 A ! Ihe which he measured as a refer 


ence It shoul , ‘ | leu us’ alu ! “lha at variance 





5.4100 = 0.0003 A given by 
s so large as to cast doubt on 
ray measurements 

diffraction spacing data 

elements in percent: \ 
was his contention that this amount of arsenk 
sufficient to cau measurable changes in the interplanar spacings 
s values are compared in Table 2 with values of Swanson, Gilfrich, 
Ugrinic (89) calculated from the accurately determined cell constant 
pure, synthetic pyrit should be noted that the differences between 
the two sets of valu given in Table 2 decrease with decreasing d-values 
This is the reverse of what would be expected if solid solution of arsenic, 
or anv other element, had caused a change in the pyrite cell size It is con 
cluded that the differences in Oelsner’s values are not due to arsenic solution 


but are due to systematic errors that are expected to decrease with decreasing 


j-values and become zet it 6 YO 


FOUIPMI 
Vaterial 


Che iron 1 in this study was obtained from the National Bureau o 
Standards, standard sample 55d, and was 99.84 weight percent Fe. The 
effects of the contaminant which include sulfur (0.014 percent) and arseni 
(0.009 percent), on the experimental results were assumed to be negligible 
The sulfur ** contained 0.007 percent carbonaceous material as the nly im 


purity Crvstalline arsenic of 99.9994 percent purity was used In the 


roducer's spectrographi lal 20 elements, including both tron and 


ur, were reported a nil”; and pper, reported 


was the only 
ontaminant detected Natural ars pvr vi ised a few experiments 

is material, originally from Ff Bf was obtained from the 
nithsonian Institutio Washingto in lo. 103651 Anal 


rt 


required different types of 
sealed, evacuated 
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1 and ground gla nad s] rinking the sealed tube end onto 


silica glass roe 
the rod with a torch 


In a modification of the above method, an open tube that contained the 


solid phases was used inside a larger, sealed, silica glass tube. This tube 


in-tube technique was first used by Beutell and Lorenz (7) in 1916. The 
method was employed in this study to facilitate the accurate weighing of the 
total solid phases produced in a run when this information was required 
Charges in sealed gold tubes were heated in pressure apparatuses ‘ in 
order to study some reactions under confining pressures up to 2,070 bars 


This method, long used in silicate-water studies, was described in its applica 


tion to sulfide systems by Kullerud and Yoder (54) lemperatures were 
controlled to + 5° (¢ The confining pressures are known within + 20 bars 
for values above 700 bars and * 45 bars at 200 bars. H,O was the pressure 
medium 


? 


None of the gold sulfides are stable above 240 , (32, p. 716 Simi 


) 
larly, the gold arsenides are unstable above 120°—130° C (31, p. 730) Han 


sen and Anderko (36) show a portion of the Au-As system with a eutectic 


at about 78 weight percent gold and 665° C. Owen and Roberts (67) re 


port that 0.2 atomic percent arsenic is soluble in gold at 610° C. In the 


\u-Fe diagram, Hansen and Anderko show about 12 weight percent iron 
soluble in gold at 600° ¢ Some loss of iron from the charges would only 
affect the proportions of phases produced but not the number of phases or 
their compositions, providing no tie-lines were crossed. The amount of 
solubility of gold in the various phases is generally unknown but might be 
a critical factor The technique was not always satisfactory in its applica 
tion to the study of parts of the Fe-As-S system, not as a result of any of 

i. j | 
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nonquenchable phase transitions. Kullerud 
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24.2 percent iron preparation gave the temperature of what is believed to be 
a eutectic between FeAs, and As as 800° + 10° C. The eutectic composi 
tion was not determined, but it is believed to lie between 0 and 5 percent 
iron. The liquidus temperature for this composition was 1,016° + 8° C. 
Much of the free arsenic (this bulk composition contained 3 percent in excess 
of the FeAs, formula) was incorporated in the vapor phase at the melting 
temperature ; hence, 1,016° + 8° C can be taken as the melting temperature 
of loellingite. The temperature of a solid-to-liquid reac ion, interpreted as a 
eutectic between FeAs, and FeAs, was measured as 1,008° + 5° C when 
the 34.9 percent iron preparation was heated. For this composition the 
liquidus is only about 3° above the solidus, and it is estimated that the eutectic 
composition lies within 1 percent of the composition studied. 

The possible variations in composition of the Fe-As phases, with the 
exception of loellingite, had not previously been investigated. Fe,As is, 
within the limits of error of this study, stoichiometric at least at temperatures 
up to 800° C. As shown in Table 3, the first and third runs vary in total 
iron content by approximately 0.2 weight percent. However, those bulk 
compositions lie in the three-phase regions on opposite sides of the theoretical 
field of solid solution of Fe, As. In the second run the precise Fe,As com 
position was employed. 

In order to determine if FeAs might have a field of iron-omission solid 
solution analogous to pyrrhotite, two Fe-As mixtures were heated. The 
results are shown in Table 4. The run with arsenic in excess of the FeAs 
formula contained a considerable amount of loellingite. The d-values for two 
X-ray reflections from this FeAs phase can be compared with those of the 
pure FeAs above. The apparent differences may be smaller than the ex- 
perimental errors, not all of which are incorporated in the X-ray measure- 
ment errors shown. It is concluded that there is no measurable solid solu 
tion of arsenic in FeAs at 900° C. 

To determine the solubility of iron in arsenic a tube-in-tube run with 
a total of 0.5 weight percent iron was prepared from As and FeAs,. After 
heating 16 days at 600° C it was estimated from the loss in weight of the 
FeAs, that the solid arsenic phase contained about 0.05 weight percent iron 
in solid solution. 

The As-S System 


Jonker’s (50) As-S phase diagram was determined at 1 atmosphere 
pressure, and since this pressure was less than that at the arsenic triple point, 
the stability field of the liquid phase did not extend to pure arsenic. Because 
the Fe-As-S system was to be studied in sealed, silica tubes at “the vapor 
pressure of the system,” ** some knowledge of the binary liquidus at these 
pressures was essential in the region AsS-As. Hence, a point on the 
liquidus was established at 600° C by heating arsenic-sulfur mixtures 
which were increasingly rich in arsenic, until solid arsenic remained in equi- 


The expression “the vapor pressure of the system” is used, as defined by Ricci (72 
p. 3 to denote the pressure of the vapor phase in equilibrium with the condensed phases 
in a sealed tube of fixed volume. In this instance the word system denotes a specific bulk 


composition 
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librium with the then saturated liquid. The two critical runs contained 77.0 
and 77.7 weight percent arsenic and, after 4 days of heating, lay on opposite 
sides of the liquidus curve. Based on the amount of stable arsenic in the 
arsenic-rich run, it was estimated that at 600° C the saturated liquid con- 
tained 77.2 + 0.2 weight percent arsenic. 

The solubility of sulfur in arsenic was tested by heating a 99 weight per- 
cent arsenic preparation for 16 days at 600° C. When quenched the tube 
contained solid arsenic and some dark red to black liquid that had quenched 
to glass. Thus the bulk composition employed lay in the arsenic-liquid- 
vapor region of the binary system. On this basis, and by the amount of liquid 
present, it was estimated that perhaps less than 0.1 weight percent sulfur 
was soluble in crystalline arsenic at 600° C. The solubility, which would 
be a maximum at approximately 310° C, the temperature of the eutectic be- 
tween realgar and arsenic (50), was estimated by heating the same tube at 
350° C for 43 days. After quenching it contained much less red, sulfur- 
arsenic glass than previously, and the solubility of sulfur in arsenic at 350° C 
was estimated to be < 0.5 weight percent. 

Jonker’s (50) work indicated that for arsenic-sulfur liquids that contained 
more than 61 weight percent arsenic (40 at. %), the coexisting vapor was 
arsenic-rich relative to the liquid.’* It was critical to the discussion of the 
Fe-As-S phase relations to know if the above relation was true for arsenic- 
sulfur liquids heated in sealed, evacuated tubes. Accordingly, an arsenic- 
sulfur charge that contained 77 weight percent arsenic was sealed in an evacu- 
ated silica tube where the volume of the saturated vapor was 16 to 17 times 
that of the coexisting liquid when heated at 663° C. With this volume 
relation an appreciable fraction of the total weight was involved in the vapor 
phase. This loss of material from the liquid caused the density of the 
quenched glass ** to shift from 3.55 to 3.47 g/cm*. This corresponds to a 
sulfur enrichment in the liquid of approximately 3.1 percent as shown by 
Yund’s (97) composition versus density curve for arsenic-sulfur glasses. 
Therefore, under these physical and chemical conditions the vapor is arsenic- 
rich relative to the liquid. 


PHASE RELATIONS IN THE Fe-As-S SYSTEM AT 600° C 


The phase diagram, Figure 2, shows the equilibrium assemblages at 600° 
C. Since the data on which this diagram was based were obtained from 
runs performed in rigid, evacuated, sealed, silica glass tubes, a vapor phase 
was always present. The vapor pressures, which are not constant through- 
out the system, were not determined.’® The vapor space in each run was 
minimized to such an extent that the loss of material from the condensed 
phases never exceeded 0.25 weight percent and usually was much less.”° 

17 The reverse was true for liquid compositions between 0 and 61 percent arsenic. 

18 The measurements were made using a Berman density balance. 

19 The reader is referred to a discussion on vapor pressures near the end of this section. 


20In the calculation of this loss the worst possible values were assumed for the vapor 
volume, pressure, and composition so that this number would set a maximum for the vapor 


loss 
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The phase diagram was established with new data and was verified on 
the basis of Gibb’s phase rule, which may be written: 


P+F=C+2 


where P = number of phases, F = degrees of freedom (pressure, temperature, 
and two composition variables in the present application), and C = number 
of components. In a three-component system there will be no degrees of 
freedom (F = 0) when five phases coexist; such a condition is termed in- 
variant. Similarly, the terms univariant and divariant imply one (four 
phases) and two (three phases) degrees of freedom, respectively. 


Equilibrium Assemblages and their Compositional Limits at 600° C 


The first step in the study of the Fe-As-S system was the preparation of 
runs with a variety of different bulk compositions by combination of the ele- 
ments or of previously synthesized binary compounds. They were heated 
at 600° C for lengths of time between 5 and 23 days, and the phases pro- 
duced in each run were identified. In cases where the establishment of 
equilibrium was in doubt, the compositions were heated for longer periods 
until there was no further change in the compositions or proportions of the 
various products.** The stable assemblages thus obtained provided the 
basic information for construction of the phase diagram. 

As shown in Figure 2, the eight univariant, four-phase assemblages stable 
at 600° C are: pyrite-pyrrhotite-liquid-vapor, pyrrhotite-arsenopyrite-liquid- 
vapor, arsenopyrite-arsenic-liquid-vapor, arsenopyrite-loellingite-arsenic-va- 
por, pyrrhotite-arsenopyrite-loellingite-vapor, | pyrrhotite-loellingite-FeAs- 
vapor, FeS **-FeAs-Fe,As-vapor, and FeS-Fe,As-Fe,,.)-vapor. Any 
four-phase region in this isothermal section is bounded only by straight lines, 
which are tie-lines. For bulk compositions within such a region, the com- 
positions of the coexisting phases and the partial vapor pressure of the ele- 
ments are fixed at any given temperature. 

All of the above univariant assemblages are separated by three-phase 
regions within which two condensed phases coexist with vapor. These di- 
variant assemblages have two degrees of freedom; hence, even at fixed tem- 
perature the compositions of the coexisting phases can vary. Theoretically, 
these divariant regions have four field boundaries, two curved and two 
straight. A curved boundary ** is one which is mutual between a divariant 
region and a field of solid solution (a two-phase field, one condensed phase 


plus vapor). The straight, tie-line boundaries are mutual between the di- 
variant and univariant regions. Only the three-phase fields of measurable 


width are shown in Figure 2. They are pyrite-liquid-vapor, pyrrhotite- 
21 Runs that contained no liquid and only a negligible percentage of vapor were occasion 
ally opened and the contents ground prior to further heating. This speeded the approach of 
equilibrium. However, in the majority of runs there was liquid or an appreciable amount 
of vapor; therefore, handling losses prohibited this procedure 
22 The FeS formula has been used to indicate the monosulfide where no iron omission was 
measurable 


The scale of Figure 2 is not sufficiently large to show any curved field boundaries 
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liquid-vapor, pyrrhotite-arsenopyrite-vapor, pyrrhotite-loellingite-vapor, pyr- 
rhotite-FeAs-vapor, FeS-Fe,...,-vapor, loellingite-arsenic-vapor, and arseno- 
py rite liquid-vapor. 

the different field boundaries in Figure 2. (a) Where a phase exhibited no 
measurable field of solid solution, straight tie-line boundaries were drawn to 
its composition point. (b) Where a phase exhibited solid solution, its com- 
position in equilibrium with a given univariant assemblage was determined 
by measurement of the position of one or more X-ray reflections. For ex- 
ample, the iron: sulfur ratios of the pyrrhotites stable in various of the four- 
phase assemblages in Figure 2 were determined from measurements of the 
102 reflection ** with the aid of Arnold’s (1) pyrrhotite composition versus 
spacing curve. (c) Most commonly the straight field boundaries were de- 
termined between two bulk composition points (Fig. 3). For example, a 


Various types of data were employed in determination of the positions for 


run of one bulk composition, after attaining equilibrium, might contain four 
phases, whereas a run of slightly different composition might contain only 
three phases. One of the condensed phases has disappeared, and the boundary 
that separates the four-phase and three-phase fields has been crossed. The 
relative amounts of the condensed phases are no indication of equilibrium but 
can be useful to estimate the nearness of a field boundary. 

Figure 3 shows the compositions, on a weight percent basis, of 100 of 
the runs performed at 600° C. A weight percent diagram was used during 
experimentation, and more than 400 runs were done within the system. 
From Figure 3 it may be noted that most of the field boundaries have been de 
termined in at least two places. In no case was there conflicting evidence 
when various types of experimental data were plotted. 

For compositions within the pyrrhotite-loellingite-vapor region, and all 
compositions more iron rich, equilibrium could not be attained in runs of 1 
and 2 month’s duration. In that area of the phase diagram the runs were 
heated at 700° or 800° C. The assumption was made that there were no 
reactions that would alter the phase relations between 600° and 800° C.* 
The error incurred by projecting the results onto the 600° C isothermal sec- 
tion is much less than 4 of 1 percent because (a) the same phases are stable 
at 600° C as at 800° C, and (b) the surfaces bounding the three-phase spaces 
necessarily have very steep slopes due to the narrowness of the divariant 
regions. 

The boundary of the FeS-Fe,,...,-vapor region has not been determined. 
In the Fe-As binary system the limit of arsenic solid solubility in iron at 
835° C (36) was approximately 9 atomic percent (11 weight percent). As- 
suming a normal solvus curve, the solubility would be at least 1 or 2 percent 
lower at 600° C. A single run with a bulk composition in weight percent 
of Fe = 87, S= 10, and As = 3 was heated 11 days at 800° C. The only 
condensed products were FeS and an Fe-As solid solution. Hence, this 

24 Subsequently it will be shown that solid solution of arsenic in pyrrhotite has no meas 


urable effect on the 102 spacing 
Experiments performed at 600° C, although far from equilibrium, seemed to support 
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bulk composition lay within the divariant, three-phase region, the boundary 
of which has been shown dashed on Figures 2 and 3. The sulfur solubility 
in a-iron at 913° C was found by Rosenqvist and Dunicz (77) to be 0.02 
weight percent. At 600° C it would probably be on the order of 0.005 
percent. 

Solubility of the Third Element in the Binary Boundary Phases 

Pyrrhotite——Fe, ,.5, which is the pyrrhotite midway in composition be- 
tween FeS and the pyrrhotite exhibiting maximum iron omission at 600° C 
was used in a series of runs to study the amount of arsenic solid solubility in 
pyrrhotite and its effect on the spacings of the X-ray reflections. These 
runs, the results of which are shown in Table 5, were all heated for 2 to 3 
days at 800° C before equilibration at 600° C. Therefore, the process at 
600° C was most likely one of exsolution rather than solution. 

As shown in Table 5, examination of polished sections revealed the pres- 
ence of arsenopyrite in all the runs that contained arsenic. The arsenopyrite 
formed occasional thin skins on pyrrhotite masses and also appeared as almost 
equidimensional, 2.5 micron grains within, and commonly near the edges of, 
pyrrhotite masses. The distribution of arsenopyrite in the polished sections 
was so irregular that no reliable estimate of its percentage could be made. 
It was concluded that the solid solubility of arsenic in Fe,,.S was much less 


than 1 weight percent at 600° C. Equilibrium was almost certainly estab- 
lished because the run that contained 1 percent arsenic was further heated 
at 700° C (Table 5). The amount of arsenopyrite present did not markedly 


change. 

The relative atomic sizes may be an indication of the spacing changes that 
might result from arsenic solid solution in pyrrhotite. The arsenic atom, 
whether bonded covalently or ionically, is larger than either the sulfur or iron 
atoms and might be expected to affect the lattice spacings. Hence, to further 
test the solubility of arsenic in Fe,,.S, the 102 spacing was measured in 
several of the runs (see Table 5). The deviations from the value for Fe,.,.S 
which contained no arsenic fell within the standard errors and were not con- 
sidered to be real. This is additional evidence that arsenic exhibits no 
measurable solubility in pyrrhotite at 600° C. 

Pyrite —Various lines of evidence indicate that very little arsenic is soluble 
in pyrite. (a) The cell values for pyrite synthesized in the presence of pyr- 


rhotite, a sulfur-arsenic liquid, and vapor (Fig. 2) were compared with those 
of synthetic FeS, that contained no arsenic (Table 6). For comparison, 


the U. S. National Bureau of Standards values for synthetic pyrite are also 
given. No significant differences were detected for pyrites synthesized 
throughout the temperature range 300° to 700° C. This is taken as evidence 
that very little arsenic is soluble in pyrite. (b) All but two of the runs listed 
in Table 6 contain arsenic. In each case the bulk composition lies outside 
any possible field of solid solution as shown by the phase relations. For 
example, the run that contains 0.53 weight percent arsenic has a bulk com- 
position FeS, oo,As If this amount of arsenic were soluble in pyrite, 
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the assemblage would be Py+L+V (Fig. 2). However, pyrrhotite is 
also present. It occurs in the pyrite as inclusions ranging in size from 2 
microns to less than the limit of detection. The amount of pyrrhotite was 
very small compared with that in the run which contained 1.03 weight percent 
arsenic. Therefore, it is possible that the limit of arsenic solid solution at 
600° C is not much below 0.53 weight percent. 

Fe,As.—This phase takes up a minor amount of sulfur in solid solution 
as in shown in Table 7 by the small but measurable variations in X-ray inter- 
planar spacings. The exact amount was not determined. These variations 
are not caused by differences in the iron-to-arsenic ratio, because Fe,As is 
stoichiometric at least up to 800° C. The phases in a pyrrhotite-Fe,As-FeAs- 
vapor assemblage with its bulk composition near the pyrrhotite-Fe,As join 
were selected for the X-ray measurements. 

Using Arnold’s (1) pyrrhotite composition versus 102 spacing curve, 
the composition of the pyrrhotite in the above assemblage was measured as 
49.92 atomic percent (63.45 weight percent) iron, or nearly stoichiometric 
FeS.°° Thus the pyrrhotite (or FeS)-Fe,As-vapor region is extremely 
narrow, and it plots as a line with the scale used for Figures 2 and 3. 

FeAs.—Solid solution of sulfur in this phase was studied in the same 
manner as in Fe,As but with less conclusive results. The bulk composition 
studied was near the iron-rich side of the Py rrhotite-loellingite-FeAs-vapor 
field (Fig. 3). As seen from Table 8, the differences in 022 and 112 d-values 
for pure FeAs as compared with those for FeAs saturated with sulfur at 800 
C were very small but were consistent in sign with the anticipated effect of 


sulfur substitution for arsenic. It is concluded that sulfur may be slightly 
soluble in FeAs. 
Loellingite—As shown in Figure 2, this mineral can take appreciable 


amounts of sulfur into solid solution while maintaining the approximate 1:2 
cation-to-anion ratio. A relatively small content of sulfur causes large, 
readily measurable changes in the loellingite interplanar spacings. The sulfur 
solubility in loellingite reaches a maximum (23, p. 47) of about 3.4 weight 
percent (approx. 7.0 atomic percent) at 702° C and drops to slightly less 
than 3 weight percent at 650° C. The solvus curve, which defines the limit 
of sulfur solubility in loellingite coexisting with arsenopyrite, may be of 
interest in geothermometry and may be presented in a future paper. 

The Arsenic-Sulfur Liquid—It was desired to measure the solubility of 
iron in the liquid phase that extends along the As-S binary system from 100 
to 228+0.2 weight percent sulfur (Fig. 2) at 600° C. A glass of the 
composition As,, Sx» was mixed with pyrite to give a total iron content of 
about 0.7 weight percent. The run was heated for 8 days at 600° C, after 


which the pyrite was separated ** and weighed. There was no measurable 
In Fe,,S where rge exsolution may occur even on rapid quenching from these 
elevated temperaturs In the present instance x approximates zero and exsolution is not a 
problem 
[his notation is used throughout where it is desired to give the composition in weight 
percent for arsenic-sulfur liquids (glasses at room temperature) 
’ When heated in a slight temperature gradient the liquid collected in the cooler end away 
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loss in the weight of the pyrite. Thus the solubility of iron in the liquid was 
below the limit of detection by that method. The quenched liquids from 
the pyrite-pyrrhotite-liquid-vapor and _pyrrhotite-arsenopyrite-liquid-vapor 
regions were analyzed for iron by Drs. H. B. Wiik and Paavo V4aananen. 
The results were 0.11 and 0.12 weight percent iron, respectively. 

The determined field boundaries of the pyrite-pyrrhotite-liquid-vapor re- 
gion meet near the As-S side of the diagram (Figs. 2, 3). Thus the liquid 
composition in the four-phase univariant assemblage, in weight percent, is 
approximately As = 62.5, S = 37.5, and Fe=0.11.%° The arsenic-rich 
boundary of the pyrrhotite-liquid-vapor field intersects the sulfur-arsenic side 
of the ternary diagram at about 23.3 + 0.5 weight percent sulfur (Fig. 3). 
Within the limits of error, this is also the composition of the arsenic saturated 
liquid at 600° C, i.e. 22.8 + 0.2 weight percent sulfur. Therefore, the liquids 
in the pyrrhotite-arsenopyrite-liquid-vapor region and in the arsenopyrite-ar- 
senic-liquid-vapor region are of almost equal composition. However, in 
compiling Figures 2 and 3 the two slightly different values, given above, were 
employed. This 0.5 percent difference in sulfur content is a measure of the 
width of the arsenopyrite-liquid-vapor region. 


Composition of Synthetic Arsenopyrite 


In this 600° C isothermal section, arsenopyrite is believed to have a very 
small field of solid solution elongated along the 1:2 cation-to-anion line. 
This field has the approximate limits of FeAs,.9,S0.9, and FeAsy.9;So.9;,°° 
and it does not encompass the ideal composition FeAsS. The evidence sup- 
porting the arsenic-rich composition for synthetic arsenopyrite, and the varia- 
tion of arsenopyrite composition as a function of synthesis temperature, is 
presented in a later section. 


Vapor Pressures 


Since vapor pressures could not be measured in the silica tube runs, a 
discussion of the known vapor pressures for Fe, As, S, and the pyrite-pyr- 
rhotite-vapor assemblage will give the orders of magnitude of vapor pressures 
in the Fe-As-S system. The vapor pressures of iron, measured by Jones, 
Langmuir, and Mackay (48), are 2.75 x 10°* bars at 800° K and 1.27 x 
10°** bars at 900° K. Therefore, at 600° C the vapor pressure of iron would 
be about 10-7 bars (~ 10°"? mm Hg). Two of the more reliable studies of 
arsenic vapor pressures were by Preuner and Brockmodller (70) and by Ruff 
and Mudgan (78). Their respective values at 600° C were 586 mm Hg and 
415 mm Hg (or an average of about 500 mm Hg). Based on the measured 
sulfur vapor pressure values of West and Menzies (96) for temperatures 
up to 543° C, West (95) calculated the pressures of saturated vapors to 
higher temperatures. He assumed that the only molecular species in the 
saturated vapor were S., S,, and S,, and that each acted as an ideal gas. 

29 It should be noted that these values have been revised on the basis of new experimental 


data, and they supersede the As = 66 and S = 34 percent values previously published (22). 
80 Henceforth, the notation FeAs, ,S). is used when referring to synthetic arsenopyrite 
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At 600° C he arrived at a vapor pressure « ibout 4.89 | 
the mole fractions as follows: S,. 0.18: S 0.57 ine 
workers have studied the vapor pressures in coexisting pyri 
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issemblages. Kullerud and Yoder (54) compiled the results of sever 
dependent studies on a log P versus 1,000/T plot. The data, most of 
were obtained in the 600° to 685° C range, were scattered within a banc 
Prone \t 600° C the limits of this zone are about ind 27 mm He 
the As-S system it is evident from Jonker’s (50) isobaric phase diagram 
the ipor pressure of the univariant assemblage arsenic-liquid-vapor 
itm phere { l bar) at 534 ( This value wa connected to the if 
triple point by a straight line on a log P versus 1/T plot to € approxin 
vapor pressure ilues for the arsenic-liquid-vapor assemblage at other tet 
peratures Estimates at 600° and 700° C are 3 and 11 bars, respectivel 
Based on these data, the assumption is made that the pressures of 
ipors in equilibrium with condensed phases in the Fe-A tem at 600 
lie between 10 and 4.89 10° mm Hg It pre nu hown, thr 
considerations of Gibbs’ phase rule, that in each four-phase assemblage 
ipor pressure is fixed at constant temperature whereas it varies over 
three- and two phase assemblages In the pyrrhotite irsenopyrite-loellit 
upor region, as in all the assemblages more rich 1n iron, the ipor pre 
it 600° C is very low With the aid of a binocular microscope no conden 
vapor can be seen lining the silica tube walls even after very rapid quenchir 
Che assemblages more rich in sulfur have higher vapor pressure 
Vapor Density 
The tube-in-tube technique was modified to determine the densit 
the vapor in a four-phase assemblage where all the condensed phases 
solid The weighed inner tube, open at one end, and which contained 
weighed charge of known composition, was wrapped in a small amou 
glass wool The tube was slid into a larger tube which was evacuated 
sealed. When the run was quenched after heating, the gla ol prevet 
ontact between the two tubes. and the por condensed on the insice 
yt the outer tube The loss hal weight the inner tube c e the veigol 
the ¥ por The vapor volume was equal to the volume « the outer t 
le the combined volume of the inner tuly the lid ancl the las 
Kn t the weight and volume of the por, the ensit rt] 1 
The racy oft the determination wa proport nal ft the THOT ht 
I} method was nsed with » halk « mposition it the srcer , write , : 
irsetT ipor region which was heated 35 day it OM ( The let 
] ' rin this assemblace wa letermined Ht) 
RESSURI MPEKATURE-¢ 1 
\ nvariant point it etewms eleiiiiel ‘ : 
‘ P ‘ ni riant eotthbria ir-p é en sf 
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eT of these P ' wind #1 - : 1 by tl 
sequence of the rves around the invariant point is determined by the 
compo tion ot the phase it that pom Chi ha been proved and ace 
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quately illustrated in theoretical discussions by Morey and Williamson (61 ) 
and Morey (62 





lrsenopyrite Invariant Point 





Up ton the cise ion has concerned work done primarily in the 600 
( isothermal ect 1 In the iy tivation of phenomena occurring at both 
higher and lower temperature the melting of at enopyrite wa encountered 
vue he decomposition was of an incongruent nature producing the 
phases p rrhotite, loellingite, and liquid in addition to vapor The phase 
relations at this point are shown schematically in Figure 4 
The P-T curve f univariant equilibrium in a three-component system, 
such those sl 1 hematically in Figure 4, are projections of curve 
inside a four-dimensional hyperprism (the axes are pressure, temperature 
| and two composition riables) onto the pressure-temperature boundary 
plane \t the invariant point of arsenopyrite (Fig. 4) the five pha es arseno 
pyrite, pyrrhotite, loellingite, liquid, and vapor coexist If either pressure 
or temperature i hanged, one of the five phases must disappear, leaving a 
| univariant system of four coexisting pha ‘ ince any one of the five pha ‘ 
| may disappear, there are five P-T curves that represent the five different 
j inivariant equilibria that originate 1 the invariant point The da hed ( 
tensions of these univariant curves define the P-T conditions under which 
a univariant assemblage might continue in metastable existence beyond the 
invariant point if reaction at that point was sluggish. Sluggishness is not 
1 problem near the invariant point under discussion; however, the metastable 
extensions serve a second, in this instance more important, role. They clat 
ify the relative slope f P-T curves lying on the opposite sides of the in 
iriant point The equence of P-T curves and metastable extensions 
iround the arsenopyrite invariant point were deduced in a manner similar to 
that described by Morey (62) The P-T curve (\ is that of a univariant 
issemblage in whicl ll the phases are liquid or solid Since there is only 
i very small volume change in the reaction, the curve is almost vertical 
\r enopyrite ind vapor constitute two of th pl ises in each of the univariant 
emblage for hich the P-T relatior ire defined by the curves (Lo 
Po nd | ince rsenopyrite ¢ innot coexist with apor at tempera 
: ture ihove the invariant temperature, the stable portions of these curve 
must originate at the e invariant point and extend to lower pre re 
nd temperature ( ersely, curve (Asp) defines the P-T conditions for 
the w riant e, which contains the breakdown products « rseno 
‘ h r ; 
} } t } { M 
mag 4 
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pyrite. Hence, its stable portion originates at the invariant point and ex- 
tends to higher temperatures and pressures. 

For the curve (V) the sign of the volume change, which is assumed to 
be positive, determines the sign of the slope. With a knowledge of the 
volume and entropy of a mole of the mixture and the atomic fractions of the 
components in the various phases, the slopes of the univariant curves could 
be calculated. Such data are unavailable; but for curves (Lo), (Po), (L 
and (Asp) the slopes are low relative to that of curve (V) because each 
assemblage contains a vapor phase which makes the reactions pressure sensi 
tive. The four curves are of positive slope because a temperature increase 
has a positive pressure effect on the vapor in each assemblage. 

Although the vapor composition is unknown, it is arsenic rich relative to 
the liquid phase under discussion. Knowledge of this relation was necessary 
to derive the P-T curves. 

The five univariant P-T curves originating at the invariant point in 
Figure 4 must all terminate in one of two ways: (1) run into another in- 
variant point, or (2) continue to absolute zero temperature. In this case 
all five curves terminate in known or inferred invariant points, some of which 
will be discussed later. 

If one phase disappears from a univariant assemblage, i.e. being totally 
used up in the reaction, a divariant region is entered. There is a divariant 
region between each pair of P-T curves. The distributions of divariant 
regions, between the P-T curves in Figure 4, are shown by the small triangles 
where only the pertinent regions are drawn with solid lines. These triangles 
show that for a given pressure and temperature the combinations of phases 
in the divariant assemblages are controlled by the bulk composition. 

As shown in Figure 4, the invariant point could, theoretically, be ap- 
proached by heating any one of the three univariant assemblages whose P-T 
relations are defined by the curves (L), (Po), and (Lo). In assemblage 
(L), part of the arsenopyrite had to break down to satisfy the vapor re 
quirement. With the vapor volume reduced to the experimental minimum, 
the arsenopyrite still broke down completely to Po + Lo+ V before the 
invariant point was reached, thus leaving the univariant curve and entering 
a divariant region. When assemblage (Po) was employed problems arose 
due to another invariant point at a slightly lower temperature. Success was 
attained with the assemblage (Lo) and a bulk composition such that liquid 
was by far the most abundant phase; this insured satisfaction of the vapor 
requirement without losing any phases. The results are shown in Table 9. 

The temperature of the arsenopyrite invariant point is taken as 702 
3° C. The vapor pressure at the invariant point was not measured. Borg- 
strom (8) measured the dissociation temperature of arsenopyrite as 700 
C at 1 atmosphere pressure. This temperature is very near the invariant 
temperature; and, since Borgstrom did not state the breakdown products, 
it is uncertain whether his measurement represents a point on curve (L) 
or on curve (V) of Figure 4. However, it can be concluded that the pres 
sure of invariancy is less than or approximately equal to 1 bar. Examination 
of vapor pressures in the following related assemblages supports an invariant 
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pressure estimate near 1 bar. The vapor pressure of the pyrrhotite-pyrite- 
liquid-vapor invariant assemblage at 743° C in the Fe-S system is estimated 
by Kullerud and Yoder (54) to be on the order of 10 bars. Also from 
their compilation, the vapor pressure over a pyrite-pyrrhotite-vapor assem- 
blage in the Fe-S system would reach 1 bar at about 690° C. The vapor 
pressure for the arsenic-liquid-vapor assemblage was estimated earlier as 11] 
bars at 700° C 


P-T-X Relations Throughout the Geologically 
Important Portion of the Fe-As-S System 


These relations are shown schematically in Figure 5, which, as in the 
case of Figure 4, is a P-T projection of the relations in a four-dimensional 
hyperprism where the axes are pressure, temperature, and two composition 
variables. Three stable ** invariant points shown will be discussed briefly. 
The relations around each of these invariant points were determined in the 
same manner as those around the invariant point of arsenopyrite. Each 
curve is labelled with four phases. The curve defines the P-T conditions 
under which these phases can coexist. On Figure 5, as with Figure 4, some 
of the symbols representing the four phases of any given univariant assem- 
blage are written on each side of the P-T curve in such a way as to indicate 
the reaction which would take place on passing from the divariant region 
on one side of the curve to that on the other. In drawing Figure 5 an 
attempt was made to maintain a linear temperature scale. The pressure 
axis may be considered to be logarithmic; however, no units are shown since 
the values are not known. 

The number of P-T curves shown in Figure 5 is only a fraction of that 
which would be required to represent the complete Fe-As-S system. A 
complete P-T-X diagram would contain all the P-T curves of the one- and 
two-component systems tied in with the curves of the ternary phases, all 
these being projected onto one P-T plane. The number of curves required 
to define the complete P-T-X relations for a single two-component system 
is almost the maximum that can be shown with clarity on a single diagram. 
See, for instance, the diagram for the Fe-S system shown by Kullerud and 
Yoder (54, p. 559). 

The relations around invariant point (1) in Figure 5, the arsenopyrite 
invariant point, have been fully discussed. The upper stability curve and 
its determination will be discussed under a separate heading. 

Originating at invariant point (2) in Figure 5, and extending to higher 
pressures, is the univariant curve for the reaction Asp+ As=Lo+L. 
This reaction becomes Asp + As=Lo-+ V at pressures less than the in- 
variant pressure. At the invariant point all five phases—arsenopyrite, loel- 
lingite, arsenic, liquid, and vapor—coexist stably. Isothermal sections drawn 
at the vapor pressure of the system for temperatures below and above the 
invariant point would show the arsenopyrite-arsenic tie-line (Fig. 2) being 

4 There is experimental evidence that these invariant points are stable relative to other 


possible invariant points in the Fe-As-S system There is no evidence from natural assemblages 
to indicate other stable invariant points 
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Fic. 5. Schematic pressure-temperature diagram representing the ternary 
relations for the geologically interesting portion of the Fe-As-S system. Tempera 
tures are to scale. The pressures, which are unknown, may be considered as 
being on a logarithmic scale. 

1c. 6. Schematic, univariant P-T curves which define the phase relations 
and conditions surrounding the invariant point for the pyrite-arsenopyrite as 
semblage 


replaced by a loellingite-liquid tie-line. The temperature of the invariant 
point is 688 3° C as determined from the silica tube runs listed in Table 
10. The vapor pressure at this point is unknown, but it would be less than 
that for the arsenopyrite invariant point. 

At invariant point (3), Figure 5, the phases pyrrhotite, pyrite, arsen 
pyrite, liquid, and vapor coexist stably. Since this invariant point will enter 
a later discussion on the upper stability curve of the pyrite-arsenopyrite as- 
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semblage, the relations around the invariant point have been magnified and 
redrawn in Figure 6. Here, the relations in the divariant regions, between 
the univariant curves, are shown by triangles in the same manner as in Fig- 


ure 4. In Figure 6, the curves (L) and (V) define the limits of temperature 
and pressure above which pyrite and arsenopyrite cannot coexist. Results 
of the silica tube runs performed to determine the invariant temperature are 
shown in Table 11. Probably none of the runs has attained equilibrium; 
however, the heating periods of 10 to 20 days were generally sufficient to 
give 10 to 30 percent reaction upon which the trends of the reactions were 
judged. For example, Figure 7 shows pyrite and arsenopyrite growing at the 
expense of the original pyrrhotite plus As-S liquid mixture. As is shown by 
the data in Table 11, it was not possible to reverse the reaction within a 23 
C zone. That is, pyrrhotite plus an As-S liquid would only react to give 
pyrite plus arsenopyrite when heated at temperatures below 480° C. On 
the other hand, it was necessary to heat a pyrite plus arsenopyrite mixture 
up to above approximately 503° C before it would react to give pyrrhotite 
plus liquid. There was no clear relation between the width of this zone and 
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Fic. 7. Pyrite and arsenopyrite growing at the expense of the starting mate- 
rials: pyrrhotite + AswSw. The run was heated for 48 days at 450° C in a sealed 


silica tube, then quenched. ‘The liquid phase (quenched to glass) has not polished 
well and appears as black areas at the top and bottom of the photograph. The 
approximately equidimensional pyrite grains have grown throughout the pyrrhotite 
mass, whereas the growth of the arsenopyrite, which occurs in aggregates of ex 
tremely fine grains, is apparently localized along fractures in the pyrrhotite or 


along pyrrhotite grain boundaries. 


the length of the heating period. The zone boundaries may relate more to 
threshold energies necessary to reverse the reactions than to reaction rates 
In any case, the invariant temperature is taken as 491° + 12° C. 


Figure 8 shows the significant changes in the phase relations of the 
Fe-As-S system that occur at different temperatures as determined in silica 
tubes. Figure 8(b) is a slightly simplified version of Figure 2. It can 


be taken as representing a vertical, 600° C, isothermal section through Figure 


5 at the vapor pressure of the system. And, as shown in Figure 5, these 
assemblages remain essentially unchanged throughout the temperature range 
between invariant points (2) and (3), that is, 491° + 12° C to 688° + 3° C. 


The minerals pyrite and arsenopyrite can exist in equilibrium with each other 
and a saturated vapor only below 491° + 12° C. This is shown in Figure 
8(a) where the phase relations are those of an isothermal section at some 
temperature below invariant point (3) on Figure 5. These assemblages are 
stable in the temperature range between 491° + 12° C and some unknown 
lower temperature. Figure 8(c) depicts the phase relations between 688° = 
3° Cand 702° + 3° C. Here the tie-line from arsenopyrite to arsenic, which 
was stable at lower temperatures, is replaced with a loellingite-liquid tie-line. 
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This phase diagram represents an isothermal section taken somewhere be- 
tween invariant points (1) and (2) on Figure 5. It is noteworthy that the 
loellingite in the loellingite-arsenic-liquid-vapor univariant assemblage (Fig. 
8c) has, throughout the narrow temperature range of stability for this as- 
semblage, a sulfur content between 3.1 and 3.3 weight percent. It may be 
recalled that the maximum sulfur content for loellingite in the Fe-As-S sys- 
tem, measured from the assemblage loellingite-arsenopyrite-liquid-vapor, was 
about 3.4 percent at 702° C. Above the arsenopyrite incongruent melting 
point at 702° + 3° C, the assemblages shown in Figure 8(d) are stable. 
These do not change appreciably up to 743° + 2° C, which is the incongruent 
melting temperature of pyrite (54). Above 743° C only the five univariant 
assemblages shown in Figure 8(e) remain. 


Upper Stability Curve of the Pyrite-Arsenopyrite Assemblage 


In Figure 6, the curve (V) defines the P-T conditions for the reaction 
FeAs, So. + FeS, = Fe,.5 + L.*° This upper stability curve limits the 
maximum temperature at which pyrite and arsenopyrite can coexist at any 
given confining pressure above that of the invariant point. The upper sta- 
bility curve, shown in Figure 9, has been determined at confining pressures 
up to 2,070 bars. The data governing the curve location are presented in 
Table 12 and are summarized in Table 13. Some of the points that appear 
along the abscissa were given previously in Table 11. These are the silica 
tube runs used to determine the invariant point. The pressure at the in- 
variant point, being much less than 1 bar, is plotted as zero pressure on this 
scale. 

Technical as well as kinetic problems hindered the collection of data for 
location of the upper stability curve at various confining pressures and 
necessitated some assumptions in order to interpret the results. The ex- 
periments were performed using sealed gold tubes as sample containers.*® 
Of the elements constituting the phases in the charges, iron has the greatest 
solid solubility in gold (71). However, a more serious problem was the 
great relative mobility between gold and arsenic, and possibly sulfur. In 
runs heated more than a few days arsenic would diffuse through the 0.2 mm 
tube walls, resulting in a weight loss.** These losses were measured by 
weighing the tube plus charge before and after heating. In Table 12 these 
losses are indicated as being greater than 1.0 mg ** or less than 0.5 mg. No 
losses fell within the 0.5 to 1.0 mg range, and most of the losses recorded as 
less than 0.5 mg were actually much less. The assumption was made that, 

} Using the terminology adopted by Kullerud and Yoder (54), the name of the phase 
liquid” changes to “gas” above the critical pressure of the liquid; however, no phase change 
is implied 

36 Gold tubes are not entirely satisfactory as containers for the study of metal-sulfur 
arsenic systems under confining pressure; however, no better container has been found to date 

37 These losses were not simple leaks due to poor welding. Such leaks would not require 
a few days heating before the losses became measurable. Occasionally also, cobaltite crystals 
(cobalt from the pressure vessel, arsenic and sulfur from within the gold tube) grew over 
the outside surface of the gold tube 


38 In two instances the losses exceeded 10 mg These were probably leaks through faulty 
welds Total weight of the charge was generally between 30 and 75 mg 
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in spite of the losses, the bulk composition of each of the charges used to 
locate the upper stability curve remained within an area bounded by the 
phases pyrite, pyrrhotite, arsenopyrite, and As-S liquid. 

The other principal problem was the sluggishness of these reactions. 
Heating periods of several weeks, or even months, would be required to 
closely approach equilibrium. On the other hand, heating periods of less 
than 1 week were desired to minimize the weight loss. The trends of the 
reactions often had to be judged on the basis of 10 to 30 percent reaction. 
For example, in runs where the starting material was pyrite plus arsenopyrite 
both phases usually remained in the product even though the run had been 
heated at a temperature above the stability limit of the pair. However, in 
those runs interpreted as representing the breakdown reaction, pyrite and 
arsenopyrite were never observed in physical contact but were always sepa 
rated by seams of pyrrhotite. 

As seen from Figure 9 and the summarized data in Table 13, the reaction 
Py + Asp= Po+L could not be reversed within a temperature zone ap- 
proximately 20° C wide (shown bounded by dashed lines in Fig. 9). At no 
point do the limits of error of the upper stability curve, drawn through the 
center of this zone, exceed 12° C. The curve, when projected through the 


Total pressure , bars 


o— at. + 4 J 
500 600 700 800 
Temperature °C 
Fic. 10. Synthetic arsenopyrite heated at various confining pressures in 
sealed gold tubes breaks down along the above P-T curve. ‘This is not the upper 
stability curve of arsenopyrite. It probably relates to some eutectic or similar 
phenomenon in the Au-Fe-As-S system. 
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TABLE 13 


Summary of the Data from Table 12 on Pyrite-Arsenopyrite Stability 








pper stability 





Reaction (i) Reaction (ii) 
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lica Tube Run neerned with th e Solubility of Gold in Arsenopyrite 
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— fu ic 
tAs will be seen later, the 131 spacing seems to vary as some function 
f the sulfur-arsenic rati n arsenopyrite. In this instance, the assump- 
s made a e spa w i als ar ue t e solid s t 


points determined using gold sample containers at various confining pressures, 
passed through the invariant point as determined in silica tubes. This lends 
strong support for the assumptions made in the interpretation of the data 
and the reliability of the determined curve. 

The upper stability curve defines the limits of stability for the assemblage 
pyrite-arsenopyrite under confining pressures greater than the pressure of 
invariancy. For example, at a confining pressure of 1,035 bars pyrite and 
arsenopyrite can coexist at temperatures up to 509° + 10° C. (For co- 
existence at 509° C the combined partial pressures *° of sulfur and arsenic 
must equal the confining pressure and be in the correct ratio.) 


Attempted Determination of the Arsenopyrite Upper Stability Curve 


An effort was made to determine the upper stability curve for the incon- 
gruent melting of arsenopyrite, again employing the gold-tube sample con- 
tainers. This curve would define the effect of pressure on the temperature 
at which the breakdown reaction FeAs, ,S,.— Fe,.S + FeAs, + L could 
proceed, and when projected to very low pressure, would originate in the 
arsenopyrite invariant point at 702° + 3° C. However, the curve shown in 
Figure 10, which was determined by runs heated in gold tubes, does not 
originate in the invariant point at 702° + 3° C (point 1, Fig. 5). Due to 

9 In the laboratory under these conditions there is a “liquid” or “gas” phase (see footnote 


35) but no vapor phase. Therefore, the “partial pressures” mentioned should be thought 
of as “activities.” 
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Fic. 11. Gold (white) is shown disseminated in massive arsenopyrite. The 
starting material, pure, synthetic arsenopyrite, was heated for 4 hours at 684° C 
and 1,035 bars in a sealed gold tube. The small grains (almost black) in the 
photograph are pyrrhotite formed due to loss of arsenic from the arsenopyrite to 
the gold tube. The visible gold is not believed to have exsolved from the arseno- 
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some reaction with the gold metal the curve is offset about 30° towards 


lower temperature. Thus, this determined curve shows that, in the presence 
of excess gold, arsenopyrite breaks down at about 670° C under the pressure 
of invariancy (~1 bar). The discrepancy was initially attributed to solid 


solution of gold in the arsenopyrite, which caused the arsenopyrite to melt 
at a lower temperature. But Table 14 shows, at least qualitatively, that very 
little gold is soluble in arsenopyrite; for arsenopyrites synthesized with, and 
without, gold present, under otherwise identical conditions, have identical 
131 spacings. 

It is believed that the curve in Figure 10 is the upper stability curve for 
a eutectic or similar reaction phenomenon in the Au-Fe-As-S system. This 
is supported by Schleicher’s (79) report of a eutectic in the gold-arsenic 
system at about 22 weight percent arsenic and 665° C, which temperature is 
not significantly different from the 670° C value determined here. 

It is noteworthy that the products of the pressure runs shown in Figure 
10 always contained disseminated gold uniformly distributed throughout the 
charge as irregular, intergranular masses. In polished sections of arseno- 
pyrite from runs where breakdown had not occurred, and in which the only 
starting material was homogeneous, synthetic, gold-free arsenopyrite, there 
was up to 5 areal percent disseminated gold. This is shown in Figure 11. 
No textures indicating exsolution of gold from arsenopyrite were observed. 
In runs that contained only the breakdown products pyrrhotite, loellingite, 
and liquid (or gas **), there was approximately 15 areal percent gold. Also, 
in the latter runs, there was disseminated gold of two grain sizes—first, the 
coarse-grained, intergranular gold described above and shown in Figure 12; 
and second, extremely fine, numerous round specks of gold throughout the 
phase that had been a homogeneous fluid at the temperature and pressure 
of the run (Fig. 13). Thus gold is very soluble in the arsenic-rich sulfur- 
arsenic fluid. It is uncertain how the coarse-grained gold became uniformly 
distributed throughout the charge. The liquid undoubtedly was a trans- 
porting agent; nevertheless, up to 5 areal percent gold also occurred in those 
charges that had not broken down and thus contained no fluid. In the latter 
instances, transport must have occurred in the solid state, principally by 
diffusion along the grain boundaries. The amount of gold in solid solution 
in the arsenopyrite, loellingite, and pyrrhotite could not be determined since 
all phases were very fine grained and intergrown with grains of gold. 


To be concluded in next number. 


pyrite during quenching of the run. This and the subsequent photographs were 
taken using plane-polarized reflected light 

Fic. 12. Gold (white), loellingite (light grey), and pyrrhotite (dark grey 
to black). The light grey areas, which resemble loellingite and contain white 
specks of gold, represent the quenched liquid (glass) phase. The starting material, 
synthetic arsenopyrite, was heated for 6 hours at 692° C and 1,035 bars in a sealed 
gold tube. 

Fic. 13. This is a magnified view of the quenched liquid (glass) phase, which 
was in the same run shown in Fig. 12. The irregular white blebs are gold that 
has exsolved during quenching from a homogeneous liquid phase. 
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KAOLINITIC SEDIMENTS IN PENINSULAR FLORIDA 
AND ORIGIN OF THE KAOLIN 


E. C. PIRKLE 


ABSTRACT 


lhick sections of kaolinitic sediments occur in the Lake Wales Ridge 
area of peninsular Florida. These materials, usually referred to as the 
Citronelle formation in the published literature, consist largely of quartz 
sand and gravel with a binder of kaolinite. In exposures the sediments 
often can be divided, from the surface downward, into three zones: 
(1) loose surface sands, (2) red and yellow clayey sands, and (3) white 
clayey sands. In much of western Putnam County, the present mining 
area, the loose surface sands have resulted from weathering and erosion 
of the kaolinitic sediments. The color of the reddish zone is due to 
oxidation above the water table of iron compounds. Throughout large 
areas the kaolin-bearing sands rest unconformably on the middle Miocene 
Hawthorne formation. On the eastern side of the Lake Wales Ridge, 
the kaolinitic sediments in some localities overlie shell marls of late 
Miocene or younger age. 

Present data indicate that kaolinitic clay generally is more abundant 
in the lower part of the formation. This portion of the formation is close 
to the surface in parts of Clay, Putnam, Marion, Lake and Polk counties. 
In areas where the Lake Wales Ridge is highest, for example in Polk 
County, the lower part of the formation can be found outcropping or close 
to the surface on the sides of the ridge and in low areas of the ridge crest. 
lhe kaolinite is believed to have been deposited as sedimentary clay in 
an alluvial environment rather than having been derived from the 
weathering in situ of feldspar sand or some clay mineral. 


INTRODUCTION 


THROUGHOUT large areas in the central part of peninsular Florida, micaceous, 
clayey sands that locally contain abundant discoid quartzite pebbles are 
common (Fig. 1). The quartzite pebbles are of various sizes, a few of the 
larger ones having lengths of more than 2 inches. The range in size of the 
quartz sand is from very fine to very coarse. In places, quartz gravel is 
common. Kaolinite is the dominant clay mineral, occurring as a_ binder 
between the grains of quartz sand. In road cuts and quarries these sediments 
commonly have a mottled red and yellow appearance, but in some localities 
their color is dominantly yellow, red, or orange. A surface veneer of loose 
sand, ranging in thickness generally from 2 to 15 feet, blankets these red 
and yellow sediments. 

For many years the reddish materials have been considered as a part of 
the Citronelle formation of Pliocene or early Pleistocene age. Recently, 
Bishop, Puri and Vernon, considering these sediments to be stratigraphically 
lower than late Miocene shell beds, placed the Citronelle materials of peninsular 
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Florida in the Hawthorne formation of early and middle Miocene age (2, 
p. 26; 14, p. 128). These men consider the reddish, clayey sands as deltaic 
in origin and the loose surface sands as Pleistocene sediments. Because Puri 
and Vernon (14, p. 128) have stated that a new formational name will be 
provided soon for the deltaic sediments, the validity of applying the name 
“Citronelle formation” to these materials will not be discussed in this report. 

Mining, Characteristics of Clay and Uses.—In Florida, kaolin has been 
mined from the Citronelle beds for more than 65 years. At present all the 
kaolin produced in the state comes from localities near Crossley and Edgar 
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Fic. 1. Distribution of kaolinitic sediments in Peninsular Florida (locations 
highly generalized). Stippled areas indicate kaolinitic sediments in peninsular 
Florida as mapped by Cooke (5). Crest areas of a number of ridges have been 
| added by heavy lines and are named. Counties mentioned in the report are labeled. 








in western Putnam County. However, in the past some clay also has been 
mined in Lake County, and in the very early days of the industry, in Clay 
County. Total production to date is estimated at 1,700,000 tons. In addition 
to kaolin, the Citronelle sediments contain the best quality silica sands known 
in the state and currently are being exploited on a large scale for that product. 
Substantial mining of the silica sands is carried on in Clay, Putnam, Marion, 
Lake and Polk counties. 

In extracting the kaolin, the Citronelle sediments are hydraulically mined 
and water processed. Dredges are floated on lakes excavated in the deposits, 
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rABLE 1 


ANALYSES AND PROPERTIES OF KAOLINITE FROM THE PITS OF THE EDGAR 
PLASTIC KAOLIN COMPANY IN PUTNAM COUNTY 


Chemical Analy 


Aluminum Oxide 38.71° 
Silicon Dioxide 45.91 
Iron Oxide 42 
Titanium Dioxide 34 
Calcium Oxide 09 
Magnesium Oxide 12 
Sodium Oxide 04 
Potassium Oxide 22 
Ignition Loss 14.16 

100.01‘ 


Particle Size Distribution 


Cumulative ©“, undet 
40 Microns 100 
30 Microns 98 
20 Microns 96 
10 Microns 92 
5 Microns 82 
3 Microns 71 
2 Microns 60 
1 Micron 48 
5 Micron 38 


Physical Propertie 


PCE Cone (3,245 degrees F > 
pH @10°% solids 9.0 a8 

*Water of Plasticity 42 

Viscosity MacMichael @ 20° solids 16 

Settling Rate @10% solids 

30 minutes 49 

60 minutes 53 

120 minutes 57 
*Modulus of Rupture (plasti 275-300 
*Drying Shrinkage % 5.9 
*Firing Shrinkage © Cone 11 14.0 
Absorption “% Cone 11 19.3 


* Water of plasticity, modulus of rupture and dry shrinkage computed on dry basis Firing 
shrinkage computed on fired basis 


The mixture of clay, sand and gravel is pumped from the dredges through a 
series of classifiers and cyclones where all of the gravel and most of the 
quartz sand, mica and other impurities are removed. The resulting clay 
water mixture is fed into settling vats to allow the clay to thicken befor« 
dewatering by large vacuum filters. The dewatered kaolin is fashioned into 
pellets in an extruder, then passed through tunnel dryers to remove the 
remaining moisture. The clay is sold both in pellet form and in a pulverized 
State. 

Determinations by X-ray studies, differential thermal analyses, and the 
electron microscope reveal that Florida processed kaolin consists almost com 
pletely of the mineral kaolinite (10). The chemical analysis of “theoretical 
kaolinite” is considered to be 39.50 percent aluminum oxide and 46.54 percent 
silicon dioxide with 13.96 percent ignition loss. An examination of Table 1 

















{OLINITIC SEDIMENTS 1385 


shows that Florida kaolin as mined at Edgar in Putnam County closely 
approaches these theoretical values. According to Ormsby (personal 
communication), shadowed specimens of the individual kaolinite crystals 
indicate an average diameter to thickness ratio of 12 to 1. The small 
particle sizes of the clay (Table 1) contribute to greater strength, plasticity, 
surface area and base exchange capacity. 

Florida kaolin is white burning and has the plasticity and strength of a 
ball clay with the chemical purity and refractoriness of a kaolin. This 
combination of properties (not known to exist naturally in any other com- 
mercial kaolin) results in the use of Florida kaolin as a single substitute for 
a variety of other clay blends. The processed clay is a preferential ingredient 
in critical formulations requiring extremely white-fired color, electrical 
resistivity, and resistance to high temperatures. It is used in a wide variety 
of ceramic products, including high and low voltage electric porcelain, spark 
plug porcelain, sanitaryware, chemical porcelain, floor and wall tile, high 
temperature refractories, artware, and electronic ceramics. 


Lake Wales Ridge—On Figure 1 are shown the crests of a number of 
ridges. Only in the Lake Wales Ridge do thick sections of Citronelle 
sediments occur. The Bartow, Lakeland and Brooksville ridges consist for 
the most part of Hawthorne materials. Trail Ridge consists of Pleistocene 


sediments of younger age than the Citronelle formation. Although the trend 
of Trail Ridge is essentially parallel to that of the Lake Wales Ridge, it 
should be noted that the crest area of Trail Ridge occurs farther to the west. 

The Lake Wales Ridge contains some of the highest elevations in Florida, 
rising over 320 feet above sea level at Iron Mountain in Polk County. The 
ridge is a distinct topographic feature from about the central part of Lake 
County southward, but it is not well defined in its northern part, presumably 


Fic. 2. Relative positions of the Ocala limestone and younger sediments. 


In western part of section is a slight arching of the Ocala limestone. The crest 
of this arch occurs at extreme left near well P 305. The writer is not certain 
of the nature of the contact between the Hawthorne formation and the shell bed 
shown in the right part of the diagram. 
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because of erosion. In Polk County more than 150 feet of Citronelle materials 
have been encountered in wells drilled in the ridge area. A study of cuttings 
from more than 100 wells indicates that high grade deposits of kaolin and 
coarse silica sands are more likely to occur in the lower 50 or 60 feet of 
the Citronelle beds. 


GENERAL GEOLOGIC SETTING OF CITRONELLE SEDIMENTS IN 
CURRENT MINING AREA 


Secause all the kaolin being mined at present comes from Putnam County, 
that region was selected for more detailed treatment. The occurrences of the 





Fic. 3. Keystone Sand Co. pit at Grandin, Putnam Co. showing all three 
zones of the Citronelle sediments. Loose surface sands overlie the red and yellow 
oxidized zone. The lower white kaolin zone is shown above the lake water to the 
left. The water table has been lowered through mining operations. 


Citronelle sediments in that area for the most part are representative of the 
lower part of the formation. Stratigraphic and other physical relationships 
of the Citronelle sediments in Putnam County are applicable to the Citronelle 
materials throughout peninsular Florida. 

Figure 2, a generalized cross-section through the northern part of Putnaim 
County, illustrates the sequence of beds. The Ocala limestone, a marine, 
white to cream, granular to pasty, permeable, highly fossiliferous limestone 
of Eocene age is overlaid unconformably by the marine Hawthorne formation. 
Recently the Ocala limestone has been raised to the Ocala group by Puri 
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and divided into the Crystal River, Williston and Inglis formations mainly 
as a result of fossil studies (13, p. 130; 18, pp. 35-38). 

The Hawthorne formation, largely of middle Miocene age, consists of 
quartz sand, clay, carbonate and phosphate particles. The proportions of these 
materials vary considerably, both horizontally and vertically, from one bed to 
another and within individual strata. The carbonate in some places is largely 
calcitic and in others dolomitic. A few lenses of nearly pure clay or sand 
occur. Individual beds and lenses range in thickness commonly from less 





Fic. 4. Contact between loose surface sands (lighter color, upper) and under- 
lying red and yellow zone (darker color, bottom). Same pit shown in Fig. 3. 


than a foot to 30 feet. Poorly preserved marine fossils are present 
throughout these Hawthorne beds. 

The shell bed overlying the Hawthorne formation (Fig. 2) consists of 
numerous white, well preserved mollusk shells embedded in a matrix ranging 
from sandy clay to clayey sand. The clay varies in color from light green 
to gray to dark gray. In places, black grains and pebbles of phosphorite are 
common. The shell bed is considered by the Florida Geological Survey to 
be late Miocene in age. The writer is not certain of the nature of the contact 
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Fic. 5. Remnants of underlying white, clayey sands in lower part of red and 
note uninterrupted bedding running through both. Vertical cut; 
short diameter of the largest white remnant about 15 inches. Same pit shown 
Fig. 3. Photo by R. L. Day. 
Fic. 6. 


yellow zone; 


Red zone (dark) under loose sands and underlain by white clayey 
sands at sand quarry of Diamond Interlachen Sand Company near Interlachen 
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between the Hawthorne formation and this shell bed. However, most 
geologists consider the contact to be a subaerially developed unconformity. 

In Putnam County the normal sequence of strata within the Citronelle 
materials, from the surface downward, consists of loose sands, a zone of 
red and yellow clayey sands and an underlying zone of white, clayey sands 
(Fig. 3). Contacts between these zones are shown in Figures 4, 5, 6 and 7. 
The white, clayey sands, often referred to as the kaolin zone, consist mostly 
of quartz sand with a binder of kaolinite. The percentage of kaolinite varies 
widely in short distances. Although cuttings and cores from some borings 
have analyzed more than 30 percent kaolinite, the clay throughout any con 
siderable area seldom exceeds 20 percent of the sediments and normally is less 
than 15 percent. The kaolin zone rests unconformably on the Hawthorne 
formation. All or parts of this sequence of Citronelle sediments can he traced 
by exposures from Clay County through Putnam County, the eastern part of 
Marion County, Lake County and south through Polk County. In places the 
red zone may be at the surface, all loose sands having been stripped away by 
erosion. In other exposures the red zone may be thick or absent, depending 
in part on the depth of oxidizing conditions, this depth being controlled by a 
number of factors, the most important of which are the permeability of the 
sediments and the position of the water table. 

Occasional stringers and lenses containing a high percentage of kaolinite 
occur in the lower part of these Citronelle sediments. Samples of this more 
massive material were collected and analyses and characteristics of the clay 
determined (Table 2). These lenses are generally not more than a foot thick 
and a few feet long. However, a few larger ones have been encountered in 
drilling. During deposition the sediments were periodically exposed to the 
atmosphere, resulting in the desiccation of some of the stringers and small 
lenses of kaolin. Some of the hardened lenses were fragmented by current 
action into kaolin blocks and balls. Such blocks and balls were subsequently 
incorporated in Citronelle clayey sands as deposition of that formation 
continued. 

The Ocala limestone is arched in the eastern part of Alachua and parts 
of adjoining western Putnam County (Fig. 2). This slight arch is believed 
to be associated with the Ocala uplift. Ocala movements took place during 
both pre- and post-Hawthorne times. It should be observed from the figure 
that the Hawthorne formation follows the arch in northwestern Putnam 
County, as does the shell bed. This suggests post-Hawthorne uplift and 
post-shell bed warping. Post-Hawthorne uplift is in evidence in many other 
areas of Florida. 

The absence of the shell bed in the area of the Citronelle formation shown 


Putnam County; the red zone follows present topography as seen not only in quar 
ries tens of miles apart, but also along highways. As streams are approached the 
upper surface of the red sediments dips toward streams. Photo by R. L. Day. 

Fic. 7. Sand quarry of Haile Mining Co. near Putnam Hall, Putnam Co., 
showing exposures of loose surface sands, red zone (dark) and underlying white 
clayey sands. Note that red zone follows present topography, strongly suggesting 
a weathering phenomenon. Slumpage of the top loose sand has partly concealed 
the underlying zones. Photo by R. L. Day. 
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rABLE 2 


ANALYSES OF BLOCKS OF KAOLIN AND PROPERTIES OF THE KAOLINITE 


X-ray Analysis (approx.) Physical Properties 
Kaolin 75-85% Type: kaolin 
Quartz 6-8°% pH: 6.5 
Hydrous mica 5-8% Unfired color: off white 
Iron hydroxides 2-3 Unfired strength: high 


Less 1% montmorillonite 


Raw Properties 


Very plastic and smooth working requiring 44% water for plasticity with 6.5% dry 
ing shrinkage, no defects 


Fired Propertie 


Temp., ° F Color Hardness © Shrinkage ©" Adsorptior App. sp. gr 
1,800 Slight Ivory | Soft, Crumbly 6.6 37.6 2.56 
2,000 White Soft, Crumbly 6.5 37.0 2.72 
2,100 White Soft, Crumbly 7.0 36.1 2.72 
2,200 White Soft, Crumbly 9.5 34.1 ee 
2,300 White Soft, Crumbly 10.0 30.0 2.75 
2,400 White Soft, Crumbly 14.5 25.5 2.75 


Surface checking indicating fineness of grain Pyrometric cone equivalent approximate 
Cone 36 (1810° C-—3,290° F) 

Analyses and characteristics determined by Electro Technical Experimental Station 
Region V, Bureau of Mines, United States Department of Interior Sample 970B # 54 
Results obtained from preliminary tests. Data furnished through the courtesy of 
Plastic Kaolin Company Sample collected from lower part of Citronelle formation near Gr 
in Putnam County 





in Figure 2 may be due to post-shell bed, pre-Citronelle erosion. Late middle 


Miocene and/or late Miocene shell beds have been reported west of this area 
from Brooks Sink in southern Bradford County (12, p. 210). If the shell 
beds at the top of the Hawthorne formation on both sides of the arch are 
different in age, those on the east side, shown in Figure 2, should be the 
younger. 


EVIDENCES OF UNCONFORMABLE CONTACT BETWEEN THE CITRONELLE 
FORMATION AND UNDERLYING MATERIALS 


The Citronelle formation is separated from the underlying Hawthorne 
formation by an unconformity developed under subaerial conditions. These 
Citronelle sediments satisfy the essential features of a formation, that is they 
constitute a useful, mappable lithologic unit. Stratigraphically, the Citronelle 
formation occurs higher than shell marls of late Miocene age and lower than 
Pleistocene sediments of Trail Ridge. 
overlie materials listed on the 1945 geologic map of Florida (5) as the Bone 
Valley formation. 


In some areas the Citronelle sediments 


Gross Lithologic Features —The Citronelle formation was laid down in 
Florida largely as clayey sands, locally containing quartz gravel and discoid 























KAOLINITIC SEDIMENTS 1391 


oo. 





'9 


Fic. 8. Mud cracks on block of Hawthorne calcareous clay, from rubble zone 
between Citronelle and Hawthorne formations. Collected at kaolin pit of the 
Edgar Plastic Kaolin Company in Putnam County. Many such blocks have been 
bored by marine mollusks as has the upper surface of this specimen. Block is 
2 inches long. 

Fic. 9. Two blocks, consisting largely of calcareous clay of Hawthorne forma- 
tion, embedded in a matrix of clay and sand, from rubble zone at base of Citronelle 
formation at pit of Edgar Plastic Kaolin Company in Putnam County. A rounded 
block eccurs in the center and a small block with sharp, angular contacts at lower 
left in which block a mollusk boring is visible, filled with the same material as the 


matrix. Specimen is 2} inches long. 
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quartzite pebbles. The general lithologic features of the formation are 
more or less constant throughout its entire extent in peninsular Florida 
However, the materials covered by the Citronelle formation are of vast) 
different types. For example, the Hawthorne formation immediately under 
lying the Citronelle sediments varies from lenses of almost pure clay or sand 
to blue or gray sandy clay or clayey sand to impure limestones to concentra 
tions of pebble phosphate particles. The occurrence of Citronelle sediments 
of similar lithology overlying Hawthorne materials of highly contrasting 
types suggests the presence of an unconformity at the base of the Citronelle 
beds. 

Rubble Zones—The nature of the sediments along the contact between 
the Citronelle formation and underlying sediments indicates a subaerially 
developed unconformity. Many prospect holes drilled through the Citronelle 
formation encountered rubble and old soil zones between the Citronelle and 
Hawthorne formations. Locally, the rubble material has been firmly con 
solidated and contains rounded and angular fragments of Hawthorne limestone 
embedded in a matrix of clay, carbonate and sand. In places some of these 
rubble zones appear to represent Hawthorne residua reworked in early 
Citronelle time. Exposure of the Hawthorne sediments to the atmosphere 
prior to the deposition of the Citronelle formation is indicated by occurrences 
in the rubble zones of mud cracks on the surfaces of some fragments of 
calcareous clay of the Hawthorne formation (Figs. 8 and 9). 

Solution Surfaces—The unconformity between the Citronelle and 
Hawthorne formations is exposed in the Devil’s Pit, a small sink hole located 
in Sec. 13, T. 10 S., R. 23 E. in Putnam County. There the exposed rocks 
of the Hawthorne formation contain a high carbonate content and show a 
wavy surface suggestive of solution under subaerial conditions. This surface 
has a local relief of about 4 to 6 feet in the section visible at the sink. 
Citronelle sediments have been deposited upon this wavy, limestone surface 

Phosphate Concentrations—Pebble phosphate concentrations in Florida 
are of several origins, including marine, alluvial and residual. Many geolo 
gists associate some of the occurrences of pebble phosphate concentrations 
at the top of the Hawthorne formation with subaerial weathering and erosion 
of Hawthorne sediments. Wells penetrating the Citronelle formation have 
encountered local concentrations of pebble phosphate along the crest of the 
uplift area shown in Figure 2. Such occurrences, considered with other 
evidence, are suggestive of subaerial erosion of the Hawthorne formation prior 
to the deposition of the Citronelle beds. 

Relation to Late Miocene Shell Beds—Shell beds of late Miocene age 
have been encountered beneath the Citronelle sediments in a number of 
localities. One example of such an occurrence can be cited from the pits 
of the Standard Sand and Silica Company just north of Davenport, Florida, 
in Polk County. The following generalized description, illustrating the 
different materials and the range in their thicknesses, was furnished by Mr. 
L. B. Carnes, an official of that company. The fossiliferous sediments listed 
as gray clayey silt of unknown thickness are shell beds of late Miocene or 
younger age. 
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Description of Sediments at Davenport Sand Pits 


Thickness in feet Description 
3 to 5 Dark sandy top soil. 
5 to 15 Yellow sand. 
5 to 10 Clayey sand. Ranging in color from red in high 


ground to white in low ground locations 
lransition from red to white is gradual. 

10 to 20 White sand. 

5 to 10 Semi-hard to hard kaolin. Some of this material 
approaches the hardness of rock. Locally, 
covered by layer of “sandstone.” 

10 to 20 Soft kaolin and some sand. Occurs as a “thick 
liquid.” 

Unknown Gray clayey silt. Contains numerous white, well- 
preserved mollusk shells and abundant foraminifera. 
Material is aqua color when wet. 


The presence of Citronelle sediments above shell beds of late Miocene age 
cannot be explained if the Citronelle formation is considered as a part of the 
Hawthorne formation limited to early and middle Miocene age. Cuttings from 
several wells on file at the Florida Geological Survey in Tallahassee reveal 
additional occurrences of shell marls of late Miocene or younger age overlaid 
by Citronelle sediments. Examples of such wells are W-401, drilled near 
the town of Umatilla in northern Lake County and W-519, drilled at 
Frostproof in southern Polk County. 

Summary.—The occurrence of lithologically similar Citronelle sediments 
overlying materials of different ages and different lithologies constitutes strong 
evidence of an unconformity at the base of the Citronelle strata. In addition, 
(1) the presence of rubble and old soil zones separating the Citronelle from 
underlying Hawthorne sediments, (2) possibly the occurrences of some con- 
centrations of phosphorite at the top of the Hawthorne formation, and (3) the 
solution-pitted surfaces of Hawthorne limestone overlaid by Citronelle sedi- 
ments, collectively indicate two formations separated by an unconformity 
developed under subaerial conditions. 


CONSIDERATION OF RESIDUAL ORIGIN FOR CLAY 


A problem exists as to whether the kaolin in the Citronelle sediments is 
residual, having been formed in situ from the weathering of feldspar sand or 
some clay mineral such as montmorillonite, or whether the kaolin was de- 
posited as a sedimentary clay during the accumulation of Citronelle sediments. 
Sellards (16, p. 21) considered the kaolin to have formed as a result of 
weathering in situ of feldspar sand. Bell (1, p. 222) favored a sedimentary 
origin for the kaolinite, and in differing with Sellards stated, “If climatic and 
physiographic conditions similar to those of the present are postulated for 
Florida and the Coastal Plain region, as is generally believed to have been 
the case during Tertiary times, then the feldspar would have become com- 
pletely decomposed long before it could have been transported from the 
crystalline area on the north to the sedimentary kaolin region, several hundred 
miles southward.” In his discussion, Bell (1, p. 226) concluded, “The source 
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of the Florida sedimentary kaolin, its transportation, geologic age, relation to 
other sediments, terrestrial and shore-line conditions, distribution and 
deposition, are problems as yet far from being solved.” 

[n all probability the kaolinite of the Citronelle formation was laid down as 
a sedimentary kaolin. The field relationships of the formation and the sedi- 
mentary features of the materials, compatible with a sedimentary origin, 
cannot be satisfactorily explained by the weathering im situ of feldspar sand 
or some clay mineral such as montmorillonite. 

Possibility of Weathering in situ of Feldspar Sand.—The portion of the 
Citronelle formation above the water table is more severely weathered than 
the part below that water surface. It is in the oxidized zone that many of 
the quartzite pebbles have been so weathered that they break or crumble when 
pressed between the thumb and fingers. Below the water table the quartzite 
pebbles are less weathered. Thus it is evident that rather severe weathering 
has taken place after the formation was laid down. Should the kaolinite of 
the Citronelle formation represent the weathering im situ of feldspar sand or 
some clay mineral, it would seem logical to consider that such weathering 
had taken place in post-Citronelle time. 

Yet it is not believed that post-Citronelle weathering will explain the 
features of the deposits. In discussing objections to this concept Bell (1, 
p. 223) stated, “. . . one would expect to find pebbles or fragments of 
undecomposed feldspar present in the formation, as well as fragments of 
only partially altered feldspar. None have so far been reported. The clay 
would also be present in small lumps instead of the finely divided state in 
which it is found. In the alteration of feldspar to kaolinite free silica is one 
of the resulting products. If it is assumed that the silica took the form of 
quartz then it would be difficult to account for the rounded and water-worn 
conditions of the quartz grains present. No other forms of silica, such as 
opal, is found in or associated with the clay-bearing formation.” 

Even the presence of small amounts of feldspar in Citronelle sediments 
would not confirm that the decay of feldspar im situ was the immediate origin 
of the clay. Small amounts of feldspar are found in parts of the Hawthorne 
formation where the dominant clay mineral is montmorillonite. Likewise, 
minute amounts of clastic particles of feldspar occur in many other types of 
Hawthorne sediments. Nor can local silicification of Hawthorne clay im- 
mediately underlying Citronelle beds be considered convincing evidence that 
silica has been set free during decomposition of feldspar in overlying Citronelle 
strata. Such silicification of Hawthorne clays occurs in areas never covered 
by the Citronelle formation. 

Of significance to the problem is the presence of balls of kaolinite dis- 
seminated throughout the Citronelle sediments. These balls, commonly from 
$ to 1 inch in diameter, suggest that the clay was kaolinite when the Citronelle 
sediments were accumulating. A few clay balls have been noted with quartz 
grains impregnated in their outer surfaces. These quartz grains were picked 
up while the clay balls were being rolled about before final deposition. Similar 
types of kaolin balls with coarse clastic sediments that have been incorporated 
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in their surfaces can be found today in streams in the vicinity of the Providence 
Canyons -in Georgia (8, p. 25-26). 

Likewise, it would be difficult to explain the presence of lenses and stringers 
of almost pure kaolinite (Table 2) if the clay resulted from decay in situ of 
feldspar sand during post-Citronelle time. In the exposures examined no 
distortion of stratification around these masses of kaolinite has been noted. 
Nor have any feldspars or recognizable relicts of feldspars been observed 
in thin sections of this massive clay. 

If decomposition in situ of feldspar sand is the immediate source of the 
kaolin, then the feldspar sand must have weathered to clay during the 
accumulation of Citronelle materials. It can be argued that decay of feldspar 
sand may have occurred to yield the kaolinite of the formation through periodic 
exposures to the atmosphere during deposition. Some of the resulting clay 
could have been transported into shallow ponded areas by circulating waters 
thus giving a possible explanation for the lenses of more massive kaolinite. 
Some of the lenses could have been covered by younger materials as deposition 
of the Citronelle beds continued, other lenses becoming fragmented after 
desiccation to furnish the kaolinitic balls found within the sediments. 

Transportation of the kaolinitic clay by circulating meteoric water into 
shallow depressions to give the lenses and stringers of more massive kaolinite 
is plausible. The finely divided kaolinite that occurs as a binder between 
quartz sand grains normally disperses readily in water. The ease of trans- 
location of the clay can be illustrated by conditions associated with artificial 
cuts in Citronelle beds. Some small gullies and low areas formed by 
bulldozers in the bottoms of quarries and bar pits are filled, during periods of 
wet weather, with almost pure kaolinite. The clay deposited in these low 
areas was flushed out of clayey sands by rainwater. Likewise, at edges of 
lakes, kaolinitic clay in Citronelle sediments has been washed out by the 
slow and gentle lapping of waves. 

Although many characteristics of the deposits are compatible with such 
contemporaneous weathering and accumulation of Citronelle sediments, con 
siderable doubt is cast on the concept because of the complexity of problems 
encountered in furnishing vast quantities of feldspar sand to peninsular 
Florida. Assuming that the geologic and climatic conditions were essentially 
similar to those existing today, rapid transportation of feldspar particles from 
the original source area, the Piedmont and Blue Ridge regions to the north, 
would be necessary to prevent decomposition of the feldspar before its 
deposition in Florida (1). Weathering and sedimentological problems in- 
volved in furnishing such a great volume of feldspar sand to Florida under 
such conditions would indeed be difficult to visualize. Certainly, such large 
quantities of feldspar sand are not being brought to Florida today. 

Nor would invoking an arid climate greatly reduce these problems. If the 
kaolin resulted from the weathering in situ of feldspar sand, the weathering 
most likely took place during the accumulation of the Citronelle formation. 
Had the feldspar grains been deposited in marine water during Citronelle 
time, kaolinization of the feldspar would have been unlikely because of an 
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environment fundamentally unfavorable for the development of kaolinite. The 
deposition of the feldspar sand in an alluvial environment likewise would 
present difficulties. Perhaps explanations could be advanced to account for 
the accumulattion of large deposits of alluvial materials in peninsular Florida 
under an arid environment. However, the decay im situ of vast quantities 
of feldspar sand during the accumulation of those alluvial sediments would be 
inconsistent with arid conditions. It seems rather improbable that an arid 
climate favorable to the preservation of feldspar existed throughout the 
original source regions several hundred miles to the north contemporaneous) 
with a climate favorable to the rapid decomposition of feldspar in Florida 

Sellards’ main purpose in considering weathering in situ of feldspar sand 
as the immediate origin of the Citronelle kaolin was to explain the presence 
of the finely divided clay mixed with coarse sand and gravel. In regard to 
this reasoning, should the clay have resulted from the weathering in situ of 
feldspar sand, the problem of how fine clastic sediments were mixed with 
coarse clastic materials would not be completely solved. Throughout 
Citronelle sediments muscovite mica is present. A considerable quantity of 
this mica is of extremely small particle size, some having been identified in 
the 44 to 10 micron range (10). Likewise, very small quartz grains are 
common. Certainly, the mixing of these materials with coarse sand and 
gravel presents the same type problem, though of less magnitude, as that 
associated with the clay. The muscovite and quartz would not have resulted 
from the weathering in situ of other minerals. 

Possibility of Weathering in situ from Montmorillonite—The weathering 
in situ of some clay mineral such as montmorillonite must be considered as a 
possible source of the kaolinite in the Citronelle formation. In fact, a case 
can be made for this origin. Kaolinite has been reported to be formed from 
montmorillonite under laboratory conditions (3). Kaolinite is considered 
by many soil scientists to be the expected type clay mineral that results from 
weathering under humid, warm climates such as exist in Florida today. 
Under this environment, forest and other vegetative growths play their part 
in some areas by furnishing organic matter that through decay forms organic 
acids. These acids tend to leach out alkalies and alkaline earths. In regions 
of lateritic weathering where the organic matter oxidizes rapidly, little organic 
acid is carried downward by ground water. Alkalies and alkaline earths 
are removed in solution with iron becoming oxidized and its movement 
retarded. Thus, clay minerals such as montmorillonite and illite might be 
expected to change to kaolinite in zones subjected to severe weathering. 
This is the situation found in many areas in Florida. For example, in the 
region of the Bone Valley formation in Polk and Hillsborough counties where 
Hawthorne and reworked Hawthorne materials have been subjected to severe 
weathering, the dominant clay mineral has been identified by Altschuler and 
Soudreau (4, pp. 83 and 85) as kaolinite; the dominant clay mineral in the 
underlying less weathered zone as montmorillonite. ‘The kaolinite in the Bone 
Valley formation has developed from weathering of sediments that originally 
contained considerable concentrations of phosphate particles. Likewise, 
agronomists have reported kaolinite from the soils of many areas of Florida 
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where Hawthorne sediments have weathered. The majority of these analyses 
were determined by X-ray methods. 

However, the occurrences of the Citronelle kaolinite are not in accord with 
this possible origin. The dominant clay mineral throughout the entire 
Citronelle formation is kaolinite. Throughout large regions this Citronelle 
kaolinite overlies Hawthorne materials of many types including massive clays, 
sandy clays and clayey sands. Yet in none of these underlying sediments is 
the dominant clay mineral kaolinite even though in many areas both the 
lower part of the Citronelle sediments and the immediately underlying 
Hawthorne materials undoubtedly have been in the same _ post-Citronelle 
weathering environment. It would not seem likely that montmorillonite or 
some other clay mineral in the Citronelle formation would always weather 
in situ completely to kaolinite with the weathering invariably ceasing abruptly 
at the base of the Citronelle materials. Especially is this true since it is 
known that underlying Hawthorne clays will and do weather to kaolinite. 

Because calcium occurs in the Hawthorne formation and not in the 
Citronelle materials it might be argued that its presence would retard the 
development of kaolinite in the Hawthorne materials while kaolinite was 
developing in the overlying Citronelle formation. However, no calcareous 
material is present in some of the clayey sands of the Hawthorne formation. 
If calcium could be carried into those clayey sands by ground water, there 
seems to be no reason why the subsurface water would not also carry that 
element into adjoining Citronelle clayey sands, thus preventing the transforma- 
tion to kaolinite in that part of the Citronelle sediments. 

The base of the Citronelle formation occurs at different elevations through- 
out peninsular Florida. In some areas the lower contact is as much as 140 
feet above sea level (as in parts of southwestern Clay County) and in other 
places its base is below sea level (as in parts of Highlands County). In many 
areas the water table occurs within the Citronelle sediments ; in other localities 
the formation is covered by water table lakes, and in still different regions 
the water table is beneath the base of the Citronelle formation. Thus in 
some places all of the formation is in the oxidizing zone (as seen at the 
Devil’s Pit in Putnam County) ; in other localities all the materials are beneath 
the oxidizing zone (as in parts of northern Lake County), and in many other 
areas the upper part of the formation is in the oxidizing zone and the lower 
part beneath the water table. It is likely that the lower portion of the 
Citronelle formation in some localities in southern Florida has never been 
in the zone of oxidation for long periods of time. There, the lower kaolinitic 
zone occurs far beneath the water table, even beneath present sea level, and 
is covered by more than 175 feet of sediments. Because of these relationships 
and because of the superposition of the Citronelle beds over materials of 
highly contrasting types, including clayey sands, with kaolinite ending abruptly 
as the dominant clay mineral at the base of the Citronelle strata, the writer 
believes that the immediate origin of the Citronelle kaolinite from weathering 
in situ of another clay mineral is doubtful. 

If the Citronelle clay was deposited as sedimentary kaolinite there would be 
little tendency in the zone of weathering for that clay to change to another 
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clay mineral. The most noticeable weathering effect in Citronelle sediments 
is the oxidation of iron compounds to give red and yellow colors above the 
water table. It is true that the Citronelle kaolinite contains very little iron, 
commonly less than 1 percent. However, heavy minerals in the sediments, 
such as ilmenite, also carry iron. In regions where the upper part of the 
Citronelle formation has been weathered and eroded, iron oxide resulting from 
the weathering and erosion of a rather thick section may be concentrated in 
the remaining Citronelle materials. Also, in those areas where Pleistocene 
terrace sediments have been deposited over Citronelle materials, an additional 
source of iron oxide is available. Chemical analyses of clay from some of 
these terrace sediments show several parts of iron oxide per hundred. It is 
believed that the field relationships strongly favor deposition of the Citronelle 
clay as kaolinite. 


IMMEDIATE SOURCE AREA OF KAOLINITE 


If it is assumed that the kaolinite of the Citronelle formation was deposited 
as sedimentary kaolin, the question arises as to the immediate source region 
of the kaolin clay. Two possible regions must be considered: (1) the uplift 
area west of the main body of the Citronelle sediments, and (2) areas to the 
north of Florida: the Piedmont-Blue Ridge region and/or the Cretaceous 
kaolin deposits that occur just south and southeast of the Fall Line in the 
inner parts of the Coastal Plains. Of these possibilities, present data are 
more in accord with a source area to the north. 


f 
the Citronelle sediments is stimulating. In this region uplifts associated with 
Ocala movements are known to have taken place. These movements raised 
Hawthorne sediments into the zone of weathering. The crest of the Ocala 
arch occurs in eastern Citrus and Levy counties (17). In that area most 
of the post-Ocala sediments deposited over the Ocala limestone have been 
removed, thus attesting to considerable weathering and erosion. A number 
of geologists associate the vast phosphate deposits of the Bone Valley region 
in Polk and Hillsborough counties with extensive weathering of Hawthorne 
sediments, all or a part of the resulting Hawthorne residua being reworked 
under a marine environment. The presence of the leached zone of the Bone 
Valley formation proves severe weathering has taken place in areas west of 
the present belt of Citronelle sediments. Hence it is certain that the 
Hawthorne formation has been uplifted into the zone of active weathering to 
the west of the present areas of Citronelle sediments. Severe weathering of 
the Hawthorne materials can be proved. The Hawthorne is known to contain 
or weathers to yield all or most of the dominant minerals of the Citronelle 
beds. Hawthorne clays will weather to kaolinite. Mica, coarse sand and 
quartz pebbles occur in Hawthorne sediments. All of these materials would 
be expected to be relatively resistant during weathering and to be concentrated 
as a result of weathering processes. 

Another feature of interest concerning the uplift region west of the main 
Citronelle body as a possible source area is the distribution of Citronelle 


Nevertheless, the possibility of a source area just west of the main body « 
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materials in peninsular Florida. These sediments have been traced by drill 
holes and exposures throughout the region immediately east of the main 
Ocala arch. In the latitude of the northern end of this arch, where the 
Ocala limestone is plunging downward, Citronelle sediments are no longer 
found or recognized. For example, Citronelle materials have been encoun- 
tered in well borings beneath as much as 100 feet of sands in the area of 
Camp Blanding in Clay County. However, the sediments have not been 
reported or found in wells drilled in Baker and Duval counties immediately 
north of Clay County. 

However, the source region of the Citronelle sediments is not believed 
to be the uplift area west of the formation. It is almost inconceivable for 
such a vast quantity of materials to accumulate adjacent to its source area 
without some contamination of the major constituents of the parent sediments, 
even though the major constituents might be relatively easily weathered. For 
example, the Hawthorne and Bone Valley formations are characterized by vast 
quantities of phosphorite. Phosphorite is not known to occur anywhere in the 
Citronelle formation. Although some quartz pebbles are reported from 
Hawthorne sediments, it does not seem likely that the Hawthorne formation 
could be the immediate source of the great quantity of discoid quartzite 
pebbles so characteristic of Citronelle sediments. Also, the distribution of 
the quartzite pebbles in the Citronelle formation is consistent with a source 
region to the north, the pebbles in general becoming less abundant and smaller 
toward the south (15). 

Perhaps it can be argued that the arch area was the source region of the 
kaolinite, the clay having been carried by rainwash and sluggish streams into 
a depositional basin east of the arch where it was deposited along with other 
sediments transported to Florida from the north. However, it is not neces- 
sary to postulate such a source area for the kaolinite, because currents 
bringing the sediments from the north undoubtedly carried a clay size fraction. 
Sandstones are not completely free from clay size sediments; in fact many 
sandstones contain a considerable quantity of very fine clastic material. The 
real and perplexing problem concerns the type deposit in which finely divided 
kaolinite that disperses with extreme ease in water and settles with extreme 
difficulty in presence of; currents can be deposited and intimately mixed with 
quartz sand, “pea size” quartz gravel and quartzite pebbles that range in 


size up to lengths of 2 inches. 


TYPE OF DEPOSIT 


The mode of occurrence of these Citroneff® sediments has long been a 
controversial topic and is likely to continue a lively subject. Davis (6) 
considered the clays of the Citronelle formation as probably flood-plain clays. 
Bell (1, p. 224) apparently thought these sediments were laid down in a ma 
rine environment. He stated, “If shoreline conditions similar to those of the 
present are postulated for Florida during the time when this formation was 
being deposited, which was probably Pliocene, with large arms of the sea, 
relatively shallow and more or less connected and largely land-locked, as is 











1400 E. C. PIRKLI 

now illustrated by the numerous bays and sounds indenting the Florida 
coastline, then it is easy to conceive of a more or less continuous deposit of 
this sedimentary kaolin being formed around the border of the peninsula 
as it existed at that time. This formation has since been largely removed by 
erosion, so that the deposits known at present are merely remnants.” Martens 
(9, p. 64) likewise indicated that these sediments are marine deposits 
Cooke (5, p. 231) considered the Citronelle formation in peninsular Florida 
as, “. . . a littoral deposit but one formed far from any large river.” More 
recently Bishop (2) has suggested that these materials are alluvial deposits 
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Fic. 10. Cross-bedding in Citronelle sediments at sand pit of Diamond 
Interlachen Sand Company, Putnam County; a vertical section of about 6 feet 


associated with a large delta the terrestrial sediments in some areas intet 
fingering laterally with aril fossiliferous strata. The writer believes that 
the characteristics of the deposits are more in accord with an alluvial origin 

The intimate mixing of sediments ranging in size from very finely divided 
clay to quartzite pebbles and the irregular stratification are features moré 
characteristic of alluvial deposits than of marine deposits. Likewise the rapid 
changes in various mixtures of clay, sand and gravel in both horizontal and 
vertical directions is a common feature of alluvial sediments. Cross- 
laminations (Fig. 10) can be observed in most of the sand and clay quarries 
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Cut-and-fill structure has been noted in a number of exposures. These 
features are compatible. with an alluvial origin. 

In peninsular Florida the Citronelle formation is destitute of fossils, none 
having been found or reported that can be considered with certainty as 
indigenous to that formation. It seems improbable that such a large volume 
of sediments could be marine and nowhere carry fossils. Nevertheless, a 
number of arguments could be advanced to account for the complete lack of 
fossils even if the materials were marine. The argument most comm<niy used 
concerns the leaching of fossils during weathering. Such leaching of fossil 
materials can be pointed to and verified as occurring in some sediments of 
other localities. Yet there seems to be no reason for such a leaching process 
to operate and go to completion throughout the Citronelle formation and 
always to end abruptly at its base, especially when it is realized that the 
unfossiliferous formation ranges in thickness from a featheredge to more than 
150 feet. Actually the lack of marine fossils can be considered further 
evidence favorable to an alluvial origin for the Citronelle sediments. 

The deposition of kaolinite in flood plain areas of streams and along stream 
channels is reasonable. The distribution of the sediments is suggestive of 
primary deposition. Observations indicate that the clay commonly is more 
abundant in materials characterized by small clastic sediments. Areas of 
abundant “pea size” and larger clastic materials, even though containing 
kaolinite, normally contain less of the clay. It should be expected that streams 
would carry clay and small clastic materials onto expanding flood plains with 
“pea size” quartz gravel and larger sediments being more nearly confined to 
those areas in and near stream channels. 

The low iron content in the kaolinitic sediments can be explained 
logically if the materials 


are considered of alluvial origin. Kesler (Zz. p- 552) 
gave a possible explanation for a low iron content of the Cretaceous kaolinitic 
beds of Georgia and South Carolina. If the kaolinite of the Citronelle 
formation in peninsular Florida was reworked from those Cretaceous beds, 
the source beds would have been relatively low in iron compounds, thus 
furnishing only small amounts of iron to the Citronelle materials. Additional 
iron material may have entered the streams as ferrous compounds in solution 
or as Fe(OH), sols in association with organic colloids. The ferrous com- 
pounds being in a stream environment of probable slightly acidic pH would 
remain in solution until precipitated by mixing with alkaline sea water. Thus 
the source area would have furnished very little iron content for deposition 
with the sediments. Also, some iron bearing materials that may have been 
laid down with the kaolinitic sands could have weathered through the aid of 
decaying humus to soluble ferrous forms. 

Perhaps it is more difficult to find factors that will not affect the settling 
pattern of clay in stream and lake environments than to determine factors 
that do play a part. Much is yet to be learned about these problems. Clay 
of colloidal size will not settle in water unless coagulated so that a floc forms 
Colloids can he coagulated in a number of ways, including the introduction of 
other colloids of opposite charge, or the introduction of ions of opposite 
charge. A bivalent ion will often have a precipitating power 50 times greater 
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than that of a monovalent ion, and a trivalent ion may have 600 times more 
precipitating power than a monovalent ion. Periodic drying of water- 
saturated sediments or evaporation of water occurring in ponded areas within 
flood plains will result in the deposition of all solid materials in the water. 

Laboratory tests conducted in connection with commercial processing of 
the Citronelle kaolinite indicate that various combinations of organic sub- 
stances and other materials occurring in streams and lakes of Florida will re- 
sult under certain conditions in dispersion of the clay and under other condi- 
tions in the relatively rapid settling of the kaolinite. In conducting these tests 
no flocculating or dispersing agents other than those occurring in the present 
lakes and streams of Florida were used. The pH of solutions can be a definite 
factor in the transportability of kaolin. Likewise, there are suggestions that 
the presence of various plant life, especially when occurring in abundance, can 
play a part at least indirectly in the settling pattern of the clay. It is well 
known that a bloom of algae, for example, will change the pH of lake or 
river water. If, during the bloom, the skies are clear and the days sunny, 
the carbon dioxide extracted from the water through photosynthesis will make 
the water more alkaline. Careful measurements of water conditions and 
counts of organisms made by Pierce (11, p. 17) showed considerable change 
in pH in the St. Johns River under these conditions. The pH of that river 
reached a high of 9.6 during one of these blooms. However, if the skies are 
cloudy and continuously overcast during a bloom of algae, the transpiration 
carbon dioxide added to the water may result in more acid conditions. 

Even though the finely divided clay disperses with extreme ease in water 
and settles with considerable difficulty in presence of currents, it can be said 
with some degree of confidence that the clay could deposit along with quartz 
sand under alluvial and lacustrine conditions. Prior to the installation of cy- 
clones, the Edgar Plastic Kaolin Company separated the clay from fine par- 
ticles of sand and mica by feeding water containing from 4 to 2 percent of the 
small clastic sediments in suspension through a flat trough at a rate of 2,200 
gallons a minute. The trough was 300 fect long, 20 feet wide and the “flowing 
stream” averaged 2 feet in depth. The small sand particles and mica settled 
out of the stream of water, the kaolinitic clay remaining in suspension 
Analyses of the clay-water mixture leaving the trough showed the clay to 
contain only slight traces of impurities. For many decades this method of 
separation was considered satisfactory. However, analyses of the residue 
settling from the water stream revealed that approximately 30 percent of those 
sediments consisted of kaolinite. In this operation kaolinitic clay was settling 
in the “artificial stream.” 

The thickening of clay in settling vats during the commercial processing 
of kaolinite illustrates that the clay will settle. No floculating agents are 
added in these operations. Because there is only a small amount of macro 
scopic suspended material entering the vats, such sediments are not mainly 
responsible for carrying down floculated colloids. The initial thickening vat 
has a diameter of 85 feet and is 12 to 15 feet deep. Final settling vats are of 
smaller size. Water averaging approximately 2 percent kaolinite in sus- 
pension is fed into the ponds at rates varying from 385 to 1,700 gallons a 
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minute. The water flowing out of the ponds opposite the inflow pipes contains 
very little kaolinite. The clay settles toward the bottom of the vats and if 
allowed will thicken rather rapidly to about 20 percent solids. At times the 
kaolin will thicken only to 16 or 17 percent solids, and at other times to more 
than 20 percent. The whitish kaolin-bearing water entering the settling vats 
can be seen to shoot downward in the ponds as “density currents” carrying 
the clay below the more rapid movements of the surface currents. Although 
much of the kaolin produced from these commercial operations is less than 
1 micron in size (Table 1) and all of the clay has settled in the vats, it must 
be realized that the clay entering the vats is not necessarily broken down to 
its ultimate particle size. Nor is it probable that the clay was originally 
deposited as individual particles during the accumulation of Citronelle 
sediments. 

The vat operations and the artificial stream suggest that the kaolinitic clay 
can settle in a flowing stream. Kaolinite carried into those parts of stream 
channels protected from rapid stream currents may settle. Also, kaolin may 
settle in ponded areas within flood plains. Water saturating alluvial deposits, 
both in and near stream channels and throughout flood plains would likely carry 
kaolinitic clay in a finely divided state. This clay would be deposited as the 
sediments dried regardless of whether it occurred as a floc or as individual 
clay particles. Renewed supplies of such clay would be brought onto flood 
plains by periodic flooding and deposited through periodic drying. The coarse 
gravels, containing less clay, most likely were deposited in or near stream 
channels. Shifting channels would result in irregular distribution of these 
coarse materials. Migration of the stream channels, variations in quantity and 
velocity of stream water, periodic floodings and later translocation of clay 
particles by ground water would result in irregular occurrences of the kaolinite 
with much lensing and poor sorting of the sediments. The Citronelle 
kaolinitic sediments exhibit all of these characteristics. 


FUTURE EXPLORATION FOR KAOLIN DEPOSITS 


Because of the value of silica sands of the kaolin deposits, future locations 
for kaolin production may be influenced by local markets for this by-product. 
The importance of the sand can be illustrated by recent changes that have 
taken place at the Edgar Plastic Kaolin Company. With insignificant 
exceptions, only kaolin was produced at the Putnam County site from 1892 
to 1958. Thus less than 20 percent of the bank was marketed. However, 
during the latter part of 1958 the company began to produce concrete and 
plaster sand as by-products. By the early part of 1960 the organization plans 
to market a quality controlled glass sand. Then more than 85 percent of 
the sediments mined will be marketed. 

The Citronelle formation of peninsular Florida contains vast tonnages of 
kaolinite. The most interesting potential areas for future development of 
kaolin deposits in the southern part of the kaolin district, for example in Lake 
and Polk counties (Fig. 1), are believed to occur on the west side of the Lake 
Wales Ridge, the possibilities for coarse sand on both sides of the ridge, but 











1404 E. C. PIRKLE 


especially on the eastern side and in low areas of the ridge crest. In the 
northern part of the kaolin region the Lake Wales Ridge has been so eroded 
that it does not exist as a distinct topographic feature. However, kaolin 
deposits are known to occur in Marion, Putnam and Clay counties. Present 
kaolin producers believe that the refractoriness of the clay and the small grain 
size may be characteristics of importance in future uses of the kaolinite and 
look forward to continuing progress in the mining and utilization of Florida 
kaolin 
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ABSTRACT 


Scheelite of Precambrian age has been found at several localities in 
Colorado and Wyoming in recent years. Most of it is disseminated in 
regionally metamorphosed rocks, principally in calc-silicate gneiss, but also 
in amphibolite. Small amounts are found in pegmatites and in gold 
or copper-quartz veins of Precambrian age. The scheelite in most of the 
deposits contains molybdenum, and much of it is accompanied by discrete 
powellite (CaMoO,). 

The scheelite deposits vary in age with the rocks that contain them 
and show no consistent genetic associations. Many of the deposits are 
products of some phase of the major plutonic stage that included regional 
metamorphism, migmatization, and emplacement of syntectonic granites, 
A few deposits may be related to younger Precambrian granites, and some 
are related to late diorite and pegmatite. Tungsten originally present in 
minor concentration in the sedimentary rocks that gave rise to the 
gneisses was evidently redistributed and recrystallized through successive 
Precambrian plutonic episodes. Reworked Precambrian deposits may 
have been a source of the tungsten in the economically important Tertiary 
deposits, and possibly also of molybdenum. 

The Precambrian scheelite deposits found thus far have proved to be 
of minor economic importance, but others are still being found, and many 
more can be presumed to exist; among these may be some of importance. 


1 Publication authorized by the Director, U. S. Geological Survey 
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INTRODUCTION 


SCHEELITE was discovered in Precambrian gneisses at several localities in 
Colorado and Wyoming during World War II. Since that time, several other 
localities have been found, and many more can be presumed to exist. The 
scheelite occurs principally in calcium-rich rocks, such as calc-silicate gneisses 
and amphibolite, which form part of the assemblage of ancient metamorphic 
rocks that are the host or basement for all other rocks of the region. The 
scheelite in the gneisses, as well as some in pegmatites and in gold- or copper- 
bearing quartz veins, is Precambrian in age but is not all of the same geologic 
occurrence or age within the Precambrian. Much of the scheelite appears 
to be a product of the regional metamorphism, but some is related to quartz 
and pegmatite of slightly younger migmatite stages, and some is related to 
still younger intrusive rocks. These indications of differences in age, and 
the occurrence at many localities in the Precambrian terranes of Colorado 
and part of Wyoming, show that during the Precambrian, tungsten was 
widely distributed in this part of the earth’s crust both in space and in time. 
This may have a bearing on distribution of the younger, or Tertiary, tungsten 
deposits, which have made Colorado an important source of tungsten. 

The tungsten deposits are poorly known and have received little study, 
in part because of their recent discovery and apparent minor economic im- 
portance, but principally because they present problems that are inseparable 
from major problems of the origin and history of the Precambrian rocks of 
the region. Many questions relating to the origin of the tungsten, its history, 
geologic occurrence, geochemical behavior, pattern of distribution, and rela- 
tion to intrusive rocks, remain to be answered, and many of these require 
detailed knowledge of Precambrian geology that as yet is many years away. 
The purpose of the present report is not to attempt to answer these questions, 
but to attract attention to them, and principally, to call attention to this type 
of occurrence. Scheelite, a notably inconspicuous mineral, is perhaps even 
more inconspicuous in the gneisses than in other rocks, and unless it is 


specifically sought, it may easily be overlooked 


SCHLEELITE OCCURRENCES AND DISTRIBUTION 


Locations of known and reported deposits or occurrences of scheelite 
of Precambrian age are shown in Figure 1. Deposits are widely scattered 
through the non-granitic portion of the exposed Precambrian terranes of 
Colorado, and others are known in Wyoming. Several of the deposits have 
been examined for size and grade by the Defense Minerals Exploration 
Administration, and these have been described briefly by Belser (6). The 
few deposits that have been studied in a little more detail include the Tarry- 
all Springs, Blackhawk, and Salida (Cleora) deposits, examined by the 
writer, and the Copper Mountain, Wyoming, deposits studied by Hobbs (17). 
These are described briefly on following pages, with most space devoted to 


the Tarryall Springs deposits, the best known. 
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GEOLOGIC SETTING OF TILE DEPOSITS 


Viewed broadly, the Precambrian terranes of Colorado consist of ancient 
gneisses perforated by great volumes of granitic rocks. The gneisses are 
metamorphosed in the amphibolite facies and are principally biotite-quartz- 
feldspar gneisses and migmatites but include many bodies of amphibolitic 
gneiss as well. Most of them are known or presumed to be metasedimentary. 
The gneisses are complexly folded, are cut by major faults and shear zones, 
and as they are exposed for the most part only in the uplifted cores of major 
mountain ranges, their correlation from area to area is uncertain. The 
granites form bodies ranging from small dikes to great batholiths, are of 
several different ages, and are probably not all of the same origin. In greater 
detail, the gene 


isses are riddled and beribboned by pegmatite, aplite, and 
granite in small bodies, and more locally, by diorite. In places, a younger, 
less metamorphosed, sequence of Precambrian rocks lies unconformably 


upon the ancient gneisses, as the Uncompahgre formation of southwestern 


Colorado. Rocks of this younger sequence, the ancient gneisses, and the 
granitic bodies as well, are cut at places by diorite, mafic dikes, and pegma- 
tite of still younger Precambrian age. 


Most of the scheelite occurrences are in the ancient gneisses but a few 
have been found in the younger Precambrian rocks. No scheelite has been 
found in granitic areas except for minor amounts in quartz veins; most of 
the pegmatites that contain scheelite are in the gneisses. Within the ancient 
eneisses, scheelite is found principally in or near the calcium-rich facies (cale~ 
silicate gneiss, amphibolite, diopside gneiss, marble, etc.). Rocks of this 
facies are widely, if unevenly, distributed as lenses and layers a few inches 
to hundreds of feet thick in the predominant biotitic and aluminous gneisses 
and schists of the metamorphic areas. 

Presence or absence of scheelite in a given area may be controlled by 
major geologic factors and spatial relations that are for the most part un 
recognized, but in an area that contains scheelite, composition of the rocks is 
the overriding factor that controls location of the scheelite. Except for the 
few vein deposits, fractures exert no control, and in most deposits the ob 
served fractures are younger than the scheelite. Folds exert no evident 
control, except insofar as they influence distribution and shape of the “favor- 
able” rock layers. Intrusive bodies, whether large or small, seem to have 
little effect on the distribution of the scheelite, except as they cut off the 
calcium-rich gneisses and are hence undesirable. In a few localities, dis- 
tribution of tungsten can be correlated with certain minor intrusive rocks, but 
in many areas, the principal intrusive rocks are younger than the scheelite. 
The Tarryall Springs deposits, for example, lie in the border zone of a major 
batholith, but the tungsten minerals predate the granite. Many of the Pre 
cambrian tungsten deposits are some miles distant from known granite, and 
show no succession of alteration or metamorphic ‘events that might establish 
late introduction of material, including tungsten. The entire question of 
the relation between scheelite and the major intrusive bodies remains to be 
settled. If the scheelite is related to any granite, the particular granite re- 
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mains to be identified, and if the tungsten predates the granites, as it appears 
to in places, the whole problem of the effect of granite, or of granite forma 
tion, on the tungsten remains to be examined. 


CHARACTER OF THE DEPOSITS 


Host Rocks—The host rock of most of the Precambrian scheelite is 
gneiss of one kind or another belonging to the large group of rocks known 
collectively as calc-silicate gneiss. Rocks of this group may contain any 
of a large number of calcium and magnesium silicate minerals, and as these 
may be present in many different combinations and proportions, the cak 
silicate gneisses seem endlessly varied. Some are almost monomineralic, 
and some contain a large variety of minerals. Some are dark; some are 
light ; some are finely banded, and some are unbanded. Composition typically 
changes rapidly across strike, and several conspicuously different mineralogic 
assemblages may be found in the space of only a foot. Certain varieties of 
the calc-silicate gneisses, mostly diopsidic or hornblendic, are relatively 
abundant and form the most persistent layers within the group. Others 
occur principally in lenses and knots, and many of these are mineralogically 
complex rocks that are not readily classifiable megascopically except as 
“cale-silicate.” As a group, the calc-silicate gneisses have received little study, 
either for the present report or otherwise \lthough they could supply many 
rewarding data themselves, their metamorphic status and history are know1 
principally from the biotitic and amphibolitic gneisses that enclose them. 

\ny scheelite present in the calc-silicate gneisses is generally found in 
the medium-dark varieties, most of which contain clinozoisite, vesuvianite 
(idocrase), garnet, or diopside in large amounts. It is less common in the 
light-colored gneisses, many of which contain abundant wollastonite, tremo 
lite, scapolite, and plagioclase, and it is generally absent in the darkest rocks, 
most of which contain abundant amphibole. Although scheelite is commonly 
found in the presence of minor calcite, it is generally absent from rocks that 
contain much calcite, and hence is rare in the marbles. Scheelite is not found 
in amphibolite if any cale-silicate rock of lighter color is present nearby, but 
may occur sparingly if amphibolite is the most calcic rock in the vicinity, as, 
for example, in amphibolite layers in biotitic gneiss. 

As is evident from the foregoing, the scheelite-bearing calc-silicate 
gneisses resemble the tactites of the contact metamorphic tungsten deposits 
in general composition, and even-to a preference of the scheelite for the 
medium-dark mineral assemblages, but they differ from the tactites in several 
important respects. The calc-silicate rocks are, first of all, gneisses, with 
a prominent layering or streaking, as well as a foliation, due to regional 
metamorphic processes; their gross form or position may reflect original 
sedimentary layering, but their internal structure is fundamentally an acquired 
one and only incidentally mimetic. Unlike the tactites, the calc-silicate rocks 
bear no fixed relation to intrusive bodies, and they may take the same form 
10 miles from a contact as they do 100 feet from it. They show no pattern 
of zoning such as the sequence: dark tactite—light-colored silicate rock 
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marble shown by the tactites (16, p. 251-254), but show an infinitely varied 
sequence of lithologies. Although there are many exceptions, tactites are 
generally characterized principally by abundant epidote, garnet, amphiboles, 
and pyroxenes (16; 5, p. 15-16). The calc-silicate gneisses are mineralogi- 
cally similar but the scheelite-bearing varieties are characterized by iron- 
poor minerals, a feature that distinguishes them also from the skarns. They 
normally contain clinozoisite rather than epidote; contain iron-poor varieties 
of pyroxene, little or no amphibole, and less garnet than the tactites; and 
commonly contain abundant vesuvianite, ubiquitous wollastonite, and at 
places, corcierite 

Scheelit The scheelite (CaWO,) of the Precambrian deposits shows 
a rather wide range with respect to content of the powellite (CaMoO,) mole- 
cule. Some of the scheelite fluoresces bluish-white and is presumably almost 
pure, but most of it fluoresces creamy-white to bright yellow, indicating the 


presence of powellite molecule in proportions up to 10 percent or higher (9) 
The powellite content of the scheelite may range widely in a single deposit, 
and even in single crystals or grains. Tabular crystals $ to 1 inch long 
found at places in the Tarryall Springs deposits have cores of blue-fluorescing 


1 ] 
] 


scheelite surrounded by rims of yellow-fluorescing molybdenian scheelite. 
In a few such crystals, the yellow-fluorescing portion is zoned and becomes 
progressively more yellow outward, indicating that molybdenum content 
increased as the crystal grew. Other crystals, however, have a_ blotchy 
appearance in ultraviolet light, fluorescing bluish in some areas and strong 
yellows in others, in no regular pattern. Rather clearly, the crystals grew 
by random accretions of tungsten and molybdenum, and not by precipitation 
from a uniform, or uniformly changing, solution. 

In addition to scheelite and molybdenian scheelite, some deposits contain 
discrete powellite, or a tungsten-poor variety of it. Although not distinguish- 
able from molybdenian scheelite by fluorescence, the powellite is distinguish- 
able optically, having higher refractive index, lower birefringence, and a 
more complex cleavage pattern than the scheelite. In the scheelite containing 
1 to 10 percent CaMoO,, the omega refractive index is in the range 1.925 
to 1.940, and birefringence is .015 to .020, yielding bright second-order yellow 
as maximum interference color in thin section. A pair of cleavages at right 
angles, presumably (111), is prominent and another at 45° to these is gen- 
erally faint. The powellite, in contrast, is distinctly higher in refractive 
index, having » ~ 1.97—1.98; the birefringence is lower and is characterized 
by grays slightly tinted with anomalous brown and purple shades; and a net- 
work of closely spaced intersecting cleavages and fractures gives the grains 


lark appearance in plain light. 


a shattered and ¢ 

Existence of a continuous isomorphous series from CaWO, to CaMoO, 
has been demonstrated by Cannon and Grimaldi (8). The close association 
of scheelite and powellite in the Tarryall Springs deposits indicates that 
under some conditior it present unspecifiable—the two compounds form 
separate phases 

The scheelite of the Precambrian deposits takes a variety of forms, ranging 
from minute specks to large crystals weighing 20 to 45 pounds. Small grains 
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are generally anhedral, and some are markedly irregular, but the coarser 
grains tend toward euhedral forms. Although scheelite generally assumes 
a dipyramidal form—and takes this form in the pegmatites—scheelite crystals 
in the gneisses are mostly in tabular forms, some of which are modified by 
small prism faces. These features are best shown by the large crystals, 
which as seen during excavation at Tarryall Springs had a generally tabular 
shape and were modified by a large number of triangular and trapezoidal 
faces. Unfortunately, all the large crystals were shattered and were ex 
cavated in small fragments. 

Distribution of scheelite in the calc-silicate rocks is erratic, and indeed, 
this habit is one of the most consistent features of the deposits. In a given 
locality, scheelite generally occurs in some single variety of calc-silicate rock 
almost to the exclusion of all others. As the individual varieties of cale 
silicate rock typically take the form of discontinuous streaks, lenses, and 
knots, the scheelite inherits discontinuity from its host rocks. More than 
this, however, it is erratically distributed even within the favorable host; 
it may be abundant in a local part of a favorable layer, and may be sparse o1 


absent a few feet, or even a few inches, farther along the layer. Typically, 
the scheelite is distributed through a series of blunt lenses within the host 
layer, with none, or only scattered grains, between the lenses. The lenses 


range from a few inches wide and a few feet long to several feet wide and 
a few tens of feet long. Spacing between the lenses ranges widely but may be 
as much as several times the length of the lenses. 

Scheelite is generally associated with quartz, but the meaning of this 
association is at present uncertain. It might merely reflect the presence of 
excess silica in most of the rocks, but in some exposures, scheelite is con 
centrated near the stringers, knots, or veinlets of quartz that appear to form 
an integral part of the gneiss, suggesting some chemical or genetic relation 
between the quartz and scheelite. On the other hand, countless bodies of 
seemingly identical quartz, in the same host rock as well as in adjoining 
gneisses and migmatites, have no scheelite associated with them. Perhaps 
conditions that caused quartz to migrate and segregate also promoted the 
concentration and crystallization of preexisting tungsten as scheelite, without 
actual introduction of scheelite—or quartz—from afar. 


REPRESENTATIVE DEPOSITS 


Tarryall Springs District—The Tarryall Springs district, in southeastern 
Park County, Colorado, is an area of interfingering Precambrian metamorphic 
and granitic rocks on the west flank of the Pikes Peak granite batholith, which 
makes up a large part of the southern half of the Front Range. Until recent 
years, when important beryllium deposits were discovered there, the district 
was of minor economic importance. It was prospected for gold in the early 
days, and about 1900 underwent a flurry of activity for copper and silver 
in what was then known as the Haymon district. Scheelite was discovered 
in the southern part of the district in the summer of 1943, and within a few 
months, was found in numerous localities scattered over an area of about 25 
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square miles. These deposits were prospected extensively and were worked 
on a minor scale during the tungsten booms of World War II and the Korean 
war, but thus far have proved to be of minor importance. About 1956, the 
important beryllium deposits of the Boomer mine were discovered two or 


three miles north of the main scheelite-bearing area, and since then, other 




















heryllium deposits, some accompanied by wolframite, have been discovered 
nearby lhe Boomer deposit is unusual because it is an irregular but gen- 
erally vein-like body that contains beryllium in the form of bertrandite as 
well as in the more familiar beryl. It shares with the scheelite deposits the 
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property of being inconspicuous, and like the scheelite, for this reason re 
mained long undiscovered. The beryllium deposits have been examined for 
the Geological Survey by W. R. Griffitts, who has kindly furnished new data 
on the area, and along with the scheelite deposits, are at present being investi- 
gated more thoroughly by the U. S. Geological Survey. 

The scheelite-bearing portion of the Tarryall Springs district extends 
along U. S. Highway 24 from a point about 44 miles northwest of Lake 
George post office westward about 5 miles to Wilkerson Pass, at the east 
edge of South Park. Most of the area lies in T. 12 S., R. 72 W., but parts 
extend into adjoining townships to the north and west (Fig. 2), and recent 
discoveries of tungsten are reported even farther north. 

The scheelite deposits lie in lenses and streaks of calcium-rich rocks that 
form parts of rather narrow but persistent belts of Precambrian gneiss sepa- 
rated by granite Three such belts of gneiss are called, for convenience, the 
Firefly, Round Mountain, and Badger Mountain belts. The Firefly belt, a 
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few hundred feet wide, consists largely of biotitic gneiss, schist, and migma 


tite, but contains a layer of calcium-rich gneiss 25 to 100 feet wide. East 
of the Firefly belt is coarse-grained, pink Pikes Peak granite, part of the main 
batholith. West of the belt is a finger of medium- to fine-grained granite, 
14 to 2 miles wide, beyond which lies the Round Mountain belt. The Round 
Mountain belt is 100 to 200 feet wide and consists of calcium-rich gneiss 
flanked by thin streaks of biotite schist. Ground between the Round Moun 
tain belt and the Badger Mountain belt, two miles farther west, is mainly 
granite, but was not examined in detail. The Badger Mountain belt consists 
of calcium-rich gneisses and minor biotite schist and is at least several hundred 
feet wide. 

The calcium-rich oneisses of each of the belts include a wide variety of 
rocks that occur together in thin layers and lenses. Prominent among these 
are amphibolite, hornblende-diopside gneiss, calcite-wollastonite rocks, im 
pure marble, and numerous varieties of mineralogically complex calc-silicate 
gneisses. In the latter, which are the chief hosts of scheelite, prominent 
constituents in one assemblage or another include vesuvianite, clinozoisite 
and zoisite, grossularite, diopside, wollastonite, and quartz, but the total 
mineralogy is far more complex, as indicated below. The scheelite-bearing 
calc-silicate rocks are extremely lenticular and occur principally as irregular 
masses, boudins, and stubby lenses traceable for only a few tens of feet ; some 


of the bodies are in the apices oO 
abruptly on the flanks of the folds. 
All the rocks are cut by numerous pegmatites, which are of two kinds 


sharp minor folds, and they pinch out 


and ages. The older variety is a coarse-grained, gray or white biotite peg- 
matite that apparently was the source of numerous irregular bodies of grayish 
bull quartz that lie within or cut the gneisses near the pegmatites. This gray 
pegmatite and associated quartz are cut by a younger coarse-grained, pink 
feldspathic pegmatite that closely resembles the pegmatites of the Pikes Peak 
granite and is presumably related to this granite. 

The gneisses of all three metamorphic belts contain scheelite-powellite in 
numerous small areas, and at places, copper minerals, molybdenite, and min 
erals tentatively identified as members of the rhodonite-wollastonite series. 
Scheelite and these accessory ore minerals are found in scattered localities 
along at least 3 miles of the Firefly belt, 14 miles of the Round Mountain 
belt, and perhaps as much as 2 miles of the Badger Mountain belt. Copper, 
although found in traces throughout the metamorphic belts, is largely con- 
centrated in the south-central part of the Firefly belt, where some attempts 
to work it were made in the past. Aside from carbonate products of oxida- 
tion, bornite is the chief copper mineral, but chalcopyrite, chalcocite, and 
covellite also are present. Molybdenite is found in traces in the Firefly and 
Round Mountain belts, generally in association with copper minerals. Min- 
erals thought to be members of the rhodonite-wollastonite series are largely 
restricted to the copper-bearing area in the Firefly belt, but are questionably 
present in traces in the Round Mountain belt. Scheelite (including powellite 
is generally present in copper-bearing areas, but is more widespread than 
copper or the other accessory ore minerals. 
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Scheelite occurs principally in the complex calc-silicate rocks, and within 
these, shows a definite concentration in the neighborhood of the gray pegma- 
tite and its related bull quartz. Where complex calc-silicate rocks are sparse 
or absent, scheelite occurs sparingly in diopsidic gneiss and amphibolite, and 
again, is most prominent near the gray pegmatite and quartz. In contrast, 
no relation is evident between scheelite and the pink pegmatite of the Pikes 
Peak granite stage; this pegmatite simply cuts indiscriminately through all 
the other rocks, producing no visible effect upon them. 

Examination « 


f ten thin sections of specimens collected primarily as ore 
samples reveals a complex mineralogy and a history characterized by a suc- 
cession of metamorphic or high-temperature hydrothermal events in which 
reactions did not go to completion. No attempt has been made to work 
out the details of the mineral reactions, or even to identify all the minerals, as 
such investigation is beyond the scope of the present paper. 

In general terms, the earliest stage preserved is that resulting from re- 
gional metamorphism, or possibly, from a high-temperature reheating of 
products of regional metamorphism. This stage, or these stages, referred 
to as the primary metamorphic stage in the following discussion, was followed 
by one or more high-temperature alteration—or retrograde metamorphic 
stages characterized by formation of hydrous minerals such as talc, chlorite, 
sericite, serpentine, amphibole, and brucite(?). Next came a high-tempera- 
ture stage, hereafter referred to as the secondary metamorphism, character- 
ized by minerals such as diopside, wollastonite, and clinozoisite, which re- 
crystallized from the earlier altered aggregate. This stage ended with—or 
was followed by—a minor stage characterized by epidote and quartz. Posi- 
tion of scheelite in this sequence of events is not fixed with certainty, but a 
little evidence favors the last high-temperature stage. Likewise uncertain is 
the position of a group of minerals that indicate the presence of mineralizers, 
including fluorite, apatite, copper sulfides, and, questionably, datolite and 
svanbergite. These are all of the hydrous alteration stage or younger. 

The calc-silicate gneisses of the primary metamorphic stage are minera- 
logically complex rocks that show wide ranges in proportions between min- 
erals, and many mineral assemblages. Major mineralogic characteristics 
of the group are indicated in Table 1. Definition of mineral assemblages in 
the primary calc-silicate gneisses is a complex problem because of obvious 
disequilibrium, fine compositional layering, the effects of later alteration and 
metamorphism, and uncertainties in the age assignments for some minerals. 
The rocks in general are metamorphosed to the amphibolite facies, but the 
subfacies is uncertain and dependent on age assignments for some minerals 
particularly clinozoisite—which are as yet indefinite. In addition, some of 
the rocks show suggestions of the pyroxene hornfels facies, as indicated by 
the presence of cordierite, forsterite, magnesian pyroxenes, andalusite, and 
melilite in the absence of amphiboles (14, p. 212-213; 228-231). Whether 
this is a consequence of a major reheating after regional metamorphism and 
before the stage of hydrous alteration remains to be determined. 

Alteration, later metamorphism, and introduction of new materials changed 
the mineralogy of the original calc-silicate gneisses in various degrees. Min 
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ABLE 1 
MINERAL COMPOSITION OF ORIGINAL CALC-SILICATE GNEISSES 
PARRYALL SPRINGS DiIstTRIC1 
M f neral Minor neral \cce 
Minor co nent al l Lcce gr 
One these are i) grou i whole, but , I be 
t t cal ijor constituent 
ck e oh \ k 
Clinozoisite Zoisite Spinel (ine t nite 
Vesuvianite Epidote Chondro 
(sarme yross rite Diopside-hedenbergit« Andalusite 
Diopsicde Diopside-pigeonite Forsterite 
Wollastonite Hypersthene (? Melilite 
Cordierite Scapolite Actir 
Calcic plagioclase Potassium feldsp 
Quartz rremolite 
Calcite 


eral produc ts of 


these younger events are listed in Table 4 where they are 
tentatively grouped according to stage 

All the mineral identifications (Tables 1 and 2) were made optically, 
and some need confirmation. A few of the minerals have optical properties 
that differ somewhat from standard properties, probably reflecting the effects 
of minor or trace element substitution. Mineralogy of the deposits indicates 
the presence of many such elements: W, Mo, Cu, Zn, Mn, F, P, S, C, and 
possibly B and Cl. Spectrographic analyses of typical cale-silicate rocks 
from the area confirm several of these and indicate noteworthy amounts of 
several others (Table 3). 

Clinozoisite is widespread and abundant and is probably the most ubiqui 
tous of all the minerals in the calc-silicate rocks. In addition to its occur 
rence as a probable product of the primary metamorphism, it is one of the 
products formed at the stage of hydrous alteration, and a prominent product 
of the secondary metamorphic stage. Some of the late clinozoisite is bright 
rose-pink in the hand specimen, and colorless in thin section. Judging by 


rABLE 2 
YOUNGER MINERALS IN THE CALC-SILICATE GNEISSES, TARRYALL SPRINGS DISTRI 
! } ' 
iM . » a - = ~ hag y 3M - —¢ .M 
lume 1 t rN 
Sericite Clinozoisite-zoisite Scheelite-powellit Prehnite 
Pal Diopsicde Fluorite Dat 
Serpentine Wollastonit« Apatite Svanbergit« 
Clinozoisit« Epidote Bornite 
Chilorite Clinoenstatite-pigeonit« Chalcopyrit« 
[ron oxic Bustamit 
Brucite members of rhodo 
Actinolite nite-wollastonit 
Carbonate or hydro eries 





its color and it 
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s association with rhodonite-wollastonite minerals, it is probabt; 


manganiferous and thus may be thulite, although that term is generally applied 


to manganiferous z 
with discrete epidot 


; 


ereater than 1 


few of the rocks, 


} not b 


ut these may 


SEMI 


50: As 100 


Vesuvianite 1s 


grayish-green in | 
probably an iron-p 
cleavages at right 
cross-tractures ( 
tions are virtuall 
gTay interterence ¢ 
anomalous buff-br 


nost o 


111¢ 


site 


Some of the latest clinozoisite either is associated 


e or has optical properties that indicate an iron content 


the 
1 


clinozoisite 


same 


age 


Zoisite accompanies clinozoisite in a 


TABLE 3 


in some of these, is present in two optic orientations, 


the 


SPECTROGRAPHIC ANALYSES OF CALC-SILKI E ROCKS FROM 
roe TARRYALL SPRINGS DiIstRI 
1 Oda, U. S. Geological Survey, Analysts 
er million Data supplied by W. R. Griffitts 
3 4 
1 10 1 1 
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5 15 Ss 
50 50 100 50 
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0: B 10; In 10; ¢ 50: Sb 200; Nb 50: 7 50: Sx 10 
kk ck, Victory claim, Round Mountain belt 
side « te ck, Victor lair Round Mountain 
cks, northern part Firefly belt 
«ck, west end of Victory claim, Round Mountain belt 
in abundant constituent of the calc-silicate group. It is 
ind specimen but colorless in thin section, and thus is 
or variety Much of the vesuvianite has two distinct 
ngles, or one cleavage accompanied by prominent, curved 
‘ iwe is most evident in basal sections, and as these sec 
sotropic, the mineral closely resembles periclase. Dark 
olors some longitudinal sections are faintly tinted an 
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Garnet is a prominent although unevenly distributed constituent of the 
calc-silicate group. In hand specimen it is faded salmon to grayish pink in 
color, or less commonly, light brown; in thin section it is colorless to faint 
orange, and some is faintly anisotropic. Differences in color and relief 
indicate that the garnet is variable in composition, even within a single thin 
section. Refractive index of garnet in five specimens ranges from 1.745 to 
1.775, suggesting, with color and occurrence, a low-iron grossularite 

Pyroxene is widespread and locally abundant in the calc-silicates. Most 
of it is colorless in section and, as indicated by optical properties, is a nearly 
pure diopside. Many sections contain two or more pyroxenes, although 
generally not more than two of the same age. The second pyroxene of the 
primary metamorphic stage is diopside-hedenbergite in some rocks, and diop 
side-pigeonite in others. Pyroxene of the secondary metamorphic stage is 
again principally diopside, but clinoenstatite-pigeonite also is present. 

Cordierite evidently was a major primary constituent of some of the calc 
silicate gneisses. It is present now only as remnants in aggregates of sericite 
and tale and other fine-grained minerals, some of which preserve the charac 
teristic wedge-shaped twin pattern of the cordierite. Rocks that show the 
most certain evidence of former cordierite in general contain the most abun 
dant and varied aggregates of fine-grained alteration products. Some of 
these aggregates contain abundant finely granular clinozoisite and show vague 
suggestions of former plagioclase twinning. Others contain serpentine, chlor 
ite, or talc; they are of unknown parentage except that form of the aggregates 
suggests a pyroxene or an olivine rather than an amphibole. Except as 
probably represented by aggregates of alteration products, plagioclase is rare 
in most of the calc-silicate rocks. What little is present forms inclusions in 
other minerals and is bytownite, An, 

Wollastonite is a prominent constituent of some of the calc-silicate rocks 
and a minor constituent of a great many of them. Most of it is a product of 
the primary metamorphism, but some postdates the stage of hydrous altera 
tion. Included among the latter are minerals found chiefly in the copper 
bearing area of the Firefly belt that are tentatively identified as members of 
the wollastonite-rhodonite series. These probably include a little bustamite, 
but to judge by optical properties, are principally manganiferous wollastonite 


Minerals of this group vein and encase aggregates ol earlier alteration 
products. 
The scheelite-powellite of the Tarryall Springs rocks has been described 


in part on a previous page. In thin section, scheelite shows evidence of being 
one of the younger minerals, but its precise place in the paragenetic sequence 
is undetermined. Some of it occurs along or near lines of discontinuous 
headlike patches or strings of epidote and quartz that appear to be of late 
origin; some is encased by bornite; some is rimmed by late clinozoisite and 
manganiferous wollastonite ; and some contains partly euhedral inclusions of 
diopside, wollastonite, and clinozoisite. Except for molybdenum, the schee 
lite is quite pure, as shown by spectrographic analysis of part of a 25-pound 
crystal from the southern part of the Firefly belt (Table 4). The molyb- 


denum content of this particular part of the crystal is low, corresponding to 
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about 0.4 percent CaMoO,; other parts might contain considerably more, as 
the crystal was blotchy blue and yellow in fluorescent light 

Age and origin of the scheelite must remain speculative until further work 
is done. Scheelite is somehow related to the early gray pegmatite and related 
juartz, because it is so obviously concentrated near them. 
ciation does not prove that the scheelite was necessarily introduced by the 


This spatial asso- 
pegmatite, however, and, indeed, there is some suggestion that perhaps it 
was not. No scheelite was found by rather careful search in the pegmatite, 
but a little was in the associated gray bull quartz. Significantly, 
though, the quartz contains scheelite only where it is in contact with scheelite- 


1 


round 


bearing gneiss. Similarly, the quartz contains minerals such as vesuvianite 
where it is in contact with vesuvianite-bearing gneisses, garnet where it is in 
contact with garnetiferous gneisses, and zoisite where it is in contact with 


zoisite-bearing gneisses. In the same way, the gray pegmatite contains horn- 


blende where—and only where—it is in contact with hornblendic rocks, and 
TABLE 4 
SEMIQUANTITATI ha) | TROGRAPHIC ANALYSIS OF PART O} 4 SCHEELITE CRYSTAL, 
PARRYALL SPRINGS DISTRICT 
Values in parts per million U. Od U.S. Geologi« Survey, Analyst 
C1 10 Mo 2,000 
Cu 7 Ni 5 
Fe 500 Pb 10 
Mg 300 Sn 20 
Mn 30 St 10 
V 10 
Ag, Be 1;B 5; Ba, ¢ Ga, Ge, In, La, Sc, 1 7. a 10; Cd, Nb a0; Ti, <3O: 
100: Sb, Zn, 200: A 1,000 
garnet where it is in contact with garnetiferous rocks. These relations do 
not necessarily establish origin of the pegmatite and quartz bodies by replace- 
ment or any other form of generation in situ, but they do indicate an active 


and localized exchange of materials between the quartz or pegmatite and the 
so, the postulate that the scheelite was introduced 
materials with the 


wall rocks This bein: 


by the pegmatite becomes debatable. If interchange of 


wall rocks caused vesuvianite or zoisite to crystallize in the quartz, or horn- 
to crystallize in the pegmatite, the same type of interchange could 


The analogy between 


blende 
account for the little scheelite found in the quartz. 
the silicate minerals and scheelite is not identical, however, for the silicates 
are not concentrated near the pegmatite and quartz, whereas the scheelite is. 
On the other hand, scheelite is at best only a very minor constituent of the 
gneisses, and its distribution is known only with respect to visible concen- 
trations. Perhaps scheelite, or the tungsten that went into scheelite, was 
disseminated in low concentration in the gneisses, and the pegmatite was in- 
strumental in recrystallizing and concentrating it as scheelite. 

As the Tarryall Springs district lies at the border of a large batholith, one 


is tempted to try to connect the scheelite, or the gray pegmatite, or some of 
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the events recognized in the gneisses, with the batholith; but at this stage, 
there seem to be little grounds for correlation. Most of the scheelite is 
associated with fresh young minerals such as late clinozoisite, diopside, wollas 
tonite, and epidote, suggesting that it is a product of the stage of secondary 
metamorphism. But scheelite is also related to the gray pegmatite as indicated 
by spatial relations, and hence the secondary metamorphic stage, the latest 
major event recognized in the gneisses, probably correlates with the Stage 
of the gray pegmatite. The gray pegmatite, however, is not only cut by 
pink pegmatite of the Pikes Peak stage but appears to be cut off by Pikes 
Peak granite, and moreover, it grades into migmatitic material that appears 
definitely older than the granite. Hence the stages of hydrous alteration, 
secondary metamorphism, and “mineralization” recorded in the gneisses all 
appear to predate the granite and are presumably unrelated to it, at least in 
its present position. It is of interest to note that the beryllium deposits ol 
the nearby Boomer mine area postdate the granite (W. R. Griffitts, oral com 
munication, 1959) and hence bear no direct relation to the scheelite deposits, 
although the scheelite may well have been the source of the tungsten in wolf 
ramite that occurs in the beryllium veins. 

Blackhawk Deposits—Scheelite was discovered in Precambrian gneisses 
in Lake Fork Gulch, four miles east of Blackhawk, Gilpin County, Colorado, 
late in 1942. Most of this area lies in sec. 22, T. 3 S., R. 72 W. The 
scheelite occurs in thin layers of calc-silicate gneiss that lie within heavier 
layers of amphibolite, which in turn are interlayered with biotite gneis 
Garnetiferous pegmatite is moderately abundant in the area, and much of it 1s 
concentrated in or near the amphibolite layers, where it occurs principal! 
as long, generally concordant dikes. 

Most of the scheelite found in the area lies in two layers of calc-silicate 
gneiss a few feet thick within a layer of amphibolite 200 to 300 feet thick 


Scheelite is disseminated discontinuously in the two layers for about 3000 
feet in a general east-west direction, and reported showings of scheelit 
half mile farther west may lie in the same layer of amphibolite The cak 


1 


silicate rocks resemble those of Tarryall Springs but are a little darker |x 
cause they contain hornblende and grade into amphibolite. Coarse knots 0! 
pale lavender or bluish scapolite are conspicuous in them at places. 

The scheelite, which occurs in grains ranging from tiny specks to a half 
inch in diameter, is a molybdenian variety estimated from fluorescence color 
to contain 3 to 5 percent Ca Mot P No other ore minerals were detected 
megascopically except a little fine-grained pyrite, which is widely disseminated 
in the cale-silicate rocks and amphibolite 

In a short adit on one of the calc-silicate layers, scheelite appears to be 
concentrated near pegmatite and related aplitic rock, but through most ot 
the occurrences, scheelite does not show the same close spatial relation t 
pegmatite that it does in the Tarryall Springs district. 

Salida Area.—Most of the tungsten deposits of the Salida area, Chaffee 
County, Colorado, are in the Cleora district, along the Arkansas River just 
east and southeast of Salida. Minor occurrences are found to the north, at 
the Sedalia mine and in the Turret district, and others lie to the southwest, 
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near Poncha Pass. Deposits of the area are of interest because of their 
variety, although they have been thus far only minor sources of tungsten ore. 
They include Precambrian deposits of two or three kinds, and Tertiary de 
posits of an additional two or three kinds. Most of the deposits have been 
described briefly by Belser (6). 

Precambrian rocks of the Salida area differ markedly from the high-grade 
gneisses and associated granitic rocks that characterize the Precambrian 
through most of central Colorado. They are in general less metamorphosed, 
as noted long ago by Cross (11), and include both metasedimentary and meta- 
igneous rocks. They form a dark, bedded-looking series of fine-grained 
biotitic and actinolitic schists or phyllites, staurolitic quartzites, actinolitic 
and chloritic amphibolites, and massive, fine-grained, amphibole- or biotite- 
bearing rocks interpreted by Cross as metadiabase and meta-quartz porphyry. 
All the rocks are intruded by dark diorite or gabbro. Relation of these rocks 
to the high-grade gneisses of other areas is undetermined. If they are of 
the same age as the gneisses, they are of a different metamorphic facies 
and probably also of a different original facies. More probably, they are 
a remnant of a younger Precambrian sequence, as perhaps, the Uncompahgre 
formation of southwestern Colorado. 

Scheelite is disseminated in traces at places in the dark schists and actin- 
olitic amphibolites. It is generally accompanied by traces of copper, and 
was evidently a minor accessory in copper replacement ores in actinolite 
schist, as its presence is reported in workings of the old Sedalia copper mine, 
+ miles northwest of Salida, and in small workings on similar ore in the 
Cleora district. The scheelite is presumably of the same age as the accom 
panying copper ore, which is definitely of Precambrian age, as it is cut by 
younger Precambrian pegmatite dikes (20, p. 161-166). 

Principal occurrence of scheelite in the Salida area is in quartz veins. 
hese veins have been worked on a small scale for copper, as in the Gertrude, 
Stockton, and Grandview mines, a mile or two east of Salida. In the Ger 
trude and Stockton mines, the quartz veins have a pegmatitic aspect; they 


contain coarse crystals of plagioclase, hornblende, and biotite, and except 


for their fissure-like occurrence, resemble the pegmatitic segregations in the 
dioritic or gabbroic country rock. Much of the visible scheelite, and pos 
sibly some cuproscheelite (3), occurs as dirty white and greenish scales and 
grains in oxidized vein matter and so may be supergene, but brown, glassy 
grains embedded in the quartz and accompanied by bornite and chalcopyrite 
are probably hypogene. The scheelite-copper quartz veins are classed as 
Precambrian in age because of their pegmatitic aspect, their resemblance to 
pegmatitic segregations in the Precambrian wallrocks, and the evidence of 
Precambrian age of copper mineralization in this general area. 

At the Grandview mine, several short tunnels spaced through a vertical 
distance of about 400 feet were driven for copper in small veins similar to 
those of the Stockton and Gertrude mines. Veins exposed in the upper 
tunnels contain a little scheelite, but chief output has come from the second 
lowest tunnel, where scheelite, cuproscheelite, and cuprotungstite were found 
as grains and chunks in fault breccia. This tunnel was driven for its full 
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length of 175 feet in breccia and thick, flat-lying seams of gouge. The breccia 
appears to be 40 or 50 feet thick, but shattering and brecciation of the di 
oritic and metasedimentary wall rocks extends to the uppermost workings, 
200 feet higher. The breccia probably marks a major flat fault in the area, 
which is unmapped geologically. Fragments of tungsten and copper ore 
found in the breccia were dragged in from some unknown source; they re 
semble the ore of the Precambrian quartz veins, but the source veins must 
have been richer than those now exposed, for chunks or pockets containing as 
much as 60 pounds of high-grade scheelite or cuproscheelite have been found 

In summary, scheelite of the Salida area occurs chiefly in veins of peg- 
matitic aspect and Precambrian age. These veins lie in metamorphic rocks 
that are probably younger than the high-grade gneisses of the other scheelite 
districts, and they are probably related in origin to diorite that has intruded 
the metamorphic rocks. The tungsten and related copper deposits may 
therefore be of a younger Precambrian age than those of the other districts, 
but are not necessarily so. 

Copper Mountain District, W yoming.—Scheelite was discovered in 1942 
in the Precambrian gneisses of the Copper Mountain district, an old copper- 
gold district, 18 miles northeast of Shoshoni, Fremont County, Wyoming 
The scheelite discovery, the first made in the Precambrian gneisses of the 
Colorado-W yoming region, led to widespread prospecting, both in the Copper 
Mountain area and elsewhere. The deposits were studied briefly and mapped 
in part by S. W. Hobbs in 1942; as his report (17) is not widely available, 
it is abstracted briefly below. 

The Copper Mountain deposits, largely in T. 40 N., R. 93 W., lie in a 
belt about a mile wide and 34 miles long that trends about east-west across 
the south face of Copper Mountain. The deposits are in a series of gneisses 
and schists cut by mafic dikes, pegmatite, and quartz veins, all of Precambrian 
age. The metamorphic rocks are principally mica schist and gneiss but in 
clude some hematitic schist and calc-silicate gneiss. The latter, the host for 
most of the scheelite, consists largely of zoisite, with lesser amounts of garnet, 
epidote, quartz, and carbonate. It forms thin layers and lenses in the mica 
ceous schists and gneisses and is presumed to mark original calcareous beds 
in a sedimentary sequence. The gneisses are cut by a swarm of mafic dikes, 
some of them 100 feet wide, which are roughly parallel to the foliation of 
the easterly-trending gneisses. Scheelite-bearing quartz veins cut the mafic 
dikes and are in turn cut by pegmatite and related granite, most of which 
forms dikes that cut across the trend of the mafic dikes and gneisses. 

Although scheelite is present discontinuously for a distance of more than 
3 miles along the belt of gneisses, the best deposits are in two areas that lie 
near the eastern and western ends of the belt. The eastern area includes 
the Comet, Stardust, and Dawn claims, and the western area includes the 
Romur, Victory, and Shooting Star claims. In both these areas, most of 
the scheelite is disseminated in the thin layers of calc-silicate rock; but some 
is in discontinuous quartz veins, which locally contain feldspar, and a minor 
amount is in dark schist. In local areas the calc-silicate rocks contain as 


much as 2 or 3 percent WO,, but such ore is generally in small pods; in 
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general the ore layers are narrow—a few inches to 2 or 3 feet wide—and 
pinch and swell or form discontinuous lenses. Scheelite grains range in 
size from tiny specks in some areas or layers to crystals two inches long in 
others. 

Other Deposits. Many other deposits or occurrences of scheelite of 
Precambrian age are known, as shown in Figure 1. These are of three gen- 
eral types: (1) disseminated deposits in calcium-rich gneisses, (2) occur- 


rences in pegmatite, and (3) occurrences in gold- or copper-quartz veins 


of Precambrian age. Deposits of the first type are the most numerous, 
largest, and most promising. Most of them resemble the Tarryall Springs, 
Copper Mountain, or Blackhawk deposits. In a group of deposits near the 
Cache La Poudre River in southern Larimer County, Colorado, both scheelite 
and powellite occur in lenses of calc-silicate gneiss interlayered with biotite 
gneiss. The calc-silicate gneiss is a medium-grained, grayish-green clino- 
zoisite-vesuvianite-diopside rock that closely resembles some of the scheelite- 
bearing gneisses of the Tarryall Springs and Copper Mountain areas. Near 
Guffey, Park and Fremont Counties, Colorado, scheelite is sparsely dissem- 
inated at places in calc-silicate gneiss that forms layers and lenses in a zone 
that can be traced for several miles. In south-central Fremont County, 
scheelite of good grade occurs in an amphibolite layer in biotite schist (6). 
In Mormon Canyon, southwestern Converse County, Wyoming, scheelite 
occurs with powellite and molybdenite in cale-silicate gneiss that contains 
glaucophane (23, p. 102). 

Scheelite found in pegmatite at a few localities (Fig. 1) is too sparse to 
warrant any attention for commercial purposes, but it is of interest because 
of its possible bearing on the origin of the Precambrian deposits. 

Excluding the little scheelite in quartz veins accompanying the dissem- 
inated deposits, most of the scheelite found in veins of known or probable 
Precambrian age is an accessory mineral in gold or copper ore, and has 
proved to be of little economic impertance. Occurrences of this type are 
found in the Strong copper mine, northeast of Laramie, Wyoming, and in 
the gold veins of the Atlantic district, Fremont County, Wyoming, as well as 
in the Salida area 


SUMMARY OF EVIDENCE OF ORIGIN 


Origin of the Precambrian scheelite deposits is still largely an unsolved 
problem, and what evidence there is suggests that they are not all of the 
same age or origin. At Tarryall Springs the scheelite is older than the nearby 
batholith of Pikes Peak granite. It is related, in distribution at least, to an 
early gray pegmatite, but there is some suggestion that the pegmatite was 
merely instrumental in concentrating tungsten that existed previously in the 
gneiss in some dispersed form. In the Blackhawk deposits, scheelite shows 
no evident relation to pegmatite except in one small area, and the source of 
most of the scheelite is unknown. At Salida, scheelite apparently is related 
to an intrusive diorite that cuts metamorphic rocks that may be younger than 
those of Tarryall Springs and similar areas. At Copper Mountain, Hobbs 
did not reach definite conclusions as to origin of the scheelite. He noted that 
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the scheelite is concentrated in calcium-rich layers, and on the assumption 
that these may have been limestone or calcareous shale, suggested that silica 
had been added in quantity at the time of mineralization. This is debatable, 
however, first, because it is not yet known whether the silicates of the cal 
cium-rich Precambrian rocks originated from impurities in calcareous rocks 
or were formed by introduction of materials into such rocks, and second, 
even if silica were introduced, this probably took place during regional meta 
morphism, whereas the scheelite is younger than mafic dikes that postdate 
regional metamorphism. All that can be said at present is that the scheelite 
of Copper Mountain is a product of an otherwise unrecorded event that fol- 
lowed the Stage of the mafic dikes and preceded the pegmatites and related 
granitic rocks 

Che Precambrian areas of Colorado-Wyoming, as many similar areas the 
world over, show a general sequence of events that began with a major 
plutonic stage characterized by regional metamorphism, migmatization, fold- 
ing, and emplacement or development of syntectonic granites and of pegma- 
tite and diorite in smaller bodies. The plutonic stage was followed by 
or led into—a stage characterized by younger, post-tectonic granites, and 
this was followed at places by still later pegmatites, diorite, and mafic dikes 
At some places, possibly including the Salida area, the major plutonic stage 
was followed by sedimentation and this by younger metamorphism and in- 
trusion. The position of scheelite in this general sequence seems to be 


variable Some—perhaps most—of the scheelite dates from the major 
plutonic stage, or at least predates the post-tectonic granites, but some may 
be related to these granites, and some may be related to still younger in- 
trusive rocks, such as the diorite of Salida, if this is, in fact, of a different 
age than the post-tectonic granites 

Similarity of position in the general sequence implies no correlation of 
the several areas in time, however, for major elements of the sequence, 1i 
not the entire sequence, differ in age from area to area. In north-central 
Wyoming, major granites have been dated as 2,500-2,700 million years old 
(1+ 15 In south-central Colorado, the major granite, the Pikes Peak, 1s 
dated at 1,000-1,100 million years, and major granites of north-central and 
southwestern Colorado are dated as 1,300—-1,400 million years old (2). 

[In summary, the Precambrian scheelite deposits seem to vary in age with 
the rocks that contain them and to show no consistent genetic associations 
The range in their age relations, genetic associations, and geologic occurrence, 
together with their wide distribution, suggest that tungsten native to this 
particular segment of the crust has been repeatedly reworked. Tungsten 
was presumably present in the sedimentary pile parent to the gneisses, prob- 
ably locally in abnormal concentration, but not necessarily in quantity much 
greater than the probable average of 1 or 2 ppm in sedimentary rocks (24, 
p. 625-630), or the 1.4 ppm recently suggested as the terrestrial abundance 
of tungsten by Jeffrey (18, p. 291). Tungsten content of the original sedi- 
ments may well have been as high as the 3.9 ppm found by Jeffrey in 60 
samples of noncarbonate sediments from Uganda, and it might, of course, 
have been even higher. 
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Tungsten present in the original sediments must have become incorporated 
first in the gneisses, where some part of it was probably concentrated during 
metamorphism as scheelite. If so, it most likely underwent a marked change 
in form and habitat. The findings of Jeffrey (18, p. 290), suggest that the 
tungsten existed originally as a minor element in mafic and heavy accessory 
minerals in noncarbonate rocks; but it ended up as scheelite in carbonate 
rocks, albeit impure, that originally were probably p« in tungsten, for 
Jettrey (18, p 29) found that of all the rocks tested, the carbonate rocks 
were the poorest in tungsten. Similar redistribution and _ recrystallization, 
both of scheelite and of tungsten remaining dispersed in the gneisses, evidently 
occurred during successive plutonic episodes that followed regional metamor 


phism, forming the local concentrations in the variety of genetic settings that 


are found today 


RELATION TO YOUNGER DEPOSITS 


The Precambrian deposits establish the widespread occurrence of tungsten 
at an early date in an area that has been an important source of tungsten 
obtained from deposits of Tertiary age. The tungsten of these younger de 
posits had to come from somewhere, and as these deposits are interspersed 
among the older deposits, as shown in Figure 1, the older deposits are a 
possible source, provided some appropriate mechanism to rework them 
existed 

The principal deposits of Tertiary age are in the Boulder district, where 
the ore mineral is ferberite, and at Climax, where huebnerite is a byproduct 
of the molybdenum ore. Smaller deposits lie in the San Juan Mountains, 
in the Pitkin-Tincup district in Gunnison County, in the Hoosier Pass area 
in Summit and Park Counties, and in the Ward district in Boulder County 
In all of these, the principal ore mineral is a member of the wolframite series ; 
scheelite is only an accessory mineral or is absent 

The younger deposits all lie in the Colorado Mineral Belt, a belt of ore 


leposits and intrusive rocks (porphyries) of Tertiary age that extends 
southwestward across the state from the mountain front in Boulder County 
to the San Juan voleanic province. Practically all of Colorado’s major metal 
mining districts lie in this belt, except Cripple Creek and some of the uranium 
districts. Origin of the belt is not well understood but is related to magma 
that appeared along the belt in early Tertiary time—and, in the San Juan, 
in the middle Tertiary 


The spatial and temporal association of porphyries and mineral deposits 


within the belt, and the fact that both are largely restricted to the belt, suggest 
a common origin, as recognized by Spurr (26, p. 67-70, 101-130). Craw- 


ford (10) postulated an underlying batholith aligned along the trend of belt 
as the source of the ore deposits and some of the porphy ries, and as a cause 
of many of the faults within the belt, but made no attempt to account for 
the batholith. Lovering and Goddard (21) ascribed the porphyries and ore 
deposits of the northeastern part of the belt to a parent magma formed by 
fusion of crystalline rocks, and Burbank (7; and oral communication, 1955) 
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ascribes the magma that created the great volcanic pile of the San Juan to 
crustal fusion. 

[f fusion had a place in origin of the Mineral Belt, tungsten of the Tertiary 
deposits might then have had its origin in deposits similar to those now 
exposed in the Precambrian rocks. So also might molybdenum, which 
occurs with tungsten in the Precambrian deposits, and occurs in deposits of 
Tertiary age at Urad in Clear Creek County and at several places in the 
Sawatch Range in Lake, Chaffee, Pitkin, and Gunnison Counties, as well as 
at Climax. But what then of the other metals of the Belt, principally Pb, Zn, 
Cu, Ag, Au, U, and Mn? Without taking space to document the argument, 
it may be noted that all these are known also in Precambrian deposits, and 
just as tungsten and molybdenum, they could be of Precambrian ancestry. 
Such an origin may help account for the odd chemical pattern of the Mineral 
selt. This pattern, never adequately explained, is characterized by tungsten 
and molybdenum districts set at apparent random between lead-zinc, silver, 
and gold districts, with a high degree of metal sorting between districts, and 
in many cases, close geographic association of metallurgically dissimilar dis- 
tricts. Some highly effective process of metal concentration and differentia 
tion must have operated in connection with the Tertiary magmatic processes, 
but it may have been abetted by metal segregation and concentration by 
Precambrian processes. 


ECONOMIC ASPECTS OF THE DEPOSITS 


The Precambrian scheelite deposits have thus far proved to be only of 
minor economic importance. The deposits of Copper Mountain, Wyoming, 
the most productive, have yielded a few hundred tons of ore, mostly con- 
taining about 2 percent WQ,, presumably after sorting (13; 19). Deposits 
in Larimer County, Colorado, have collectively yielded a somewhat smaller 
amount over a period of about 15 years, and small shipments have been made 
from other localities, such as Tarryall Springs and Salida. 

In many of the scheelite deposits or districts, scheelite can be found at 
many places, and locally is in concentrations that may contain several percent 
WO.,, but the ore bodies are typically small and discontinuous. In all the 
known districts, the “mineralization” —if so it can be called—appears to have 
been weak; scheelite is erratically and sparsely distributed within layers of 
the “favorable” host rock, as if it had been available only in small supply. In 
addition, the host layers themselves are typically lenticular and discontinuous, 
causing streaks of ore to end even though mineralization is continuous within 
the streak. Also, the calc-silicate host rocks in many areas are cut to bits 
by barren rocks, such as pegmatite, granite, mafic dikes, and quartz veins, 
greatly reducing the quantity of potential host rock in a given volume of rock. 
Finally, location of the deposits has discouraged development. They are in 
a region that contains milling facilities designed for black tungsten ores, and 
the generally poor results obtained by treating the scheelite ore in the exist- 
ing mills has slowed work on the deposits. 

Many of the Precambrian deposits have proved discouraging also because 
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they characteristically show less tungsten by assay than is suggested by 
fluoresence, even allowing for the normal tendency to overestimate tungsten 
content from fluorescence. Microscopic work on ore from Tarryall Springs 
has shown three causes for this: (1) Most of the scheelite contains some 
powellite molecule, generally in proportions between 3 and 10 percent, which 
reduces the tungsten content somewhat, but not enough to account for the 
observed discrepancy. (2) In addition to molybdenian scheelite, the de- 
posits contain powellite itself, and as this fluoresces almost the same yellow 
color as much of the scheelite, it is mistaken for scheelite. (3) Much of 
the scheelite-powellite contains inclusions of silicate minerals, which locally 
are abundant. 

Although the preceding paragraphs portray the known deposits as dis 
couraging and of minor economic consequence, the Precambrian scheelite 
deposits are not hopeless. Deposits are still being found, and so long as 
this is true, there are grounds to hope, if not expect, that better ones will 
be found. They are evidently not limited to Colorado and Wyoming, for 
similar deposits are found as far south as central Texas (4; 22), and they 
may extend as far north as Montana, where Reid (25) has described what 
is apparently a similar deposit. They are probably not limited even to 
the Rocky Mountain province, for Espenshade (12, p. 65) has reported a 
similar occurrence in the Piedmont of southeastern United States, at the 
Kings Mountain mine, Gaston County, North Carolina, and W. R. Griffitts 
(oral communication, 1959) has reported another, in amphibolite schist 
bordering marble a mile west of the Kings Mountain mine. Geologists and 
prospectors alert to this type of occurrence may be expected to find many 
more deposits in Precambrian rocks, and possibly also in other crystalline 
rocks of similar character but younger age. 

U. S. GEoLocicaL SuRVEY, 

DENVER, COLORADO, 
April 25, 1960 
REFERENCES 


1. Aldrich, L. T., Wett G. W., and Davis, G. I 1957, Occ nee of 1350 mi 
year-old granitic rocks western United States: Geol. Soc. America Bull., v. 68 
D 655~H65¢ 

2. Aldrich, L. T., Wetherill, G. W., Davis, G. I ind Tilton, G. R., 1958, Radioactive ages 


of micas from granitic rocks by Rb-Sr and K-A methods: Am. Geophys. Union Trans 





V { { 
Argall, G. O Ir 194 Scheelite occurrences in Colorado Mines Mag. (Colorad 
\ 23 D 7 14 
Barnes, V. E., Parkinson, G. A., and Warren, I I 1942, Scheelite in Llano County 
Texas: Texas Bur. Econ. Geol., Min. Res. Cire. 20 
5. Bateman, P. C., 1956, Economic Geology of the Bishop tungsten district, California 
California Div. Mines Special Rept. 47 
Belser, Carl, 19 ngsten potential in Chaffee, Fremont sunnison, Lake, Larimer 
Park, and Summit Counties, Colorado: U. S. Bur. Mines Inf. Circ. 7748 
7. Burbank, W. S., 1938, Silverton caldera, San Juan County, Colorado (abs.): Washington 
Acad. Sci. Ji . 117-418 
8. Cannon, R. S., Jr ! Grimaldi, F. S., 1941, Scheelite-powellite minerals of the Sever 
Devils district. Idal (abstr.): Econ. Gror v. 36, p. 839-840 
9. Cannon, R. S., Jr., and Grimaldi, F. S., 1942, New method for determination of molyb 
denum in scheelit (Credited in) U. S. Dept. Interior Press Notice no. 611, released 








r 


I sper 


Pr 
I rey 
Fr 
Fyfe 
Gast 


€ 


ford, R. D 
ir. Sci., 5th s 
Whitman, 1 


1 Soc P 


ishade, G 


ess, Knoxville, 


Eugene, 
emont C« 
W.S 

rphic fac 


roc 


H 


and 


yunty, 


OGDEN 


1924, A contribution t 


er V 7, p 
893, Or 


la 


365—388 


series of pec 
v. 4, p. 286 


93 


uliar schists 





1950, Occurrences of tungsten minerals in the southeastern state 
Symposium on mineral resources of the J 


236 p 
Wilson, S 
W yoming 


Turner, F. J., ar 


1es 


P. W., Kulp, 


the Bighorn 


ophys. | 
F. L 
ited Stat 


s S. W 


nion rans., v. 39, p. 322-334 

and Larsen, E S 1922, Contact-metar 

es: U. S. Geol. Survey Bull. 725, p. 245 
1943, Tungsten deposits of Copper Mountain 


Sur 


1959, The 


the Uganda 


F. J., Kerns, 


S. Bur 


Mir 


yrer Walden it 


Geol. Soc 


I 


UJ 


America 


> 
x 


1950 


S. Bur 


\ « rhoogen 


L., and Long, L. E 


J 
Basin of Wyoming and Montana, and s 
1 . : 


vey Strategi 


Protectorate 
W.H 


es Minerals 


Counties, Colorado [ » 

I ering I S., and Goddard 

the Front Range, Colorac 

Mathis, R. W 1942, Scheelite 
te Si ey, Cir sf 

Osterwald, I W and Oster 
Geol. Survey Bull. 45 

R kama Kalerve and Sah: 
Chicago, 911 p 

Reid, R. R., 1958, The Strawt 
Madison County, Montana 

Spurr, J. E., Garrey, G. H., a 
uadrangle, Colorad | » 


Min. Inv 


geochemistry of 


Geochim. ¢ 


Yearbook, 1 


1908, Notes 


southeastern 


Investigation 
Mines Rept 


Jean, 1958 


Mem. 73 


of the 
Inv 


Metamor 


1958, Absolute 


Prelin Map 


tungsten, wi 


t Cosmochim 


IS6 


v. 3, Ar 


on copper deposits in 


Geol, Survey 
E. N., 1938 
lo Geol. Soc 
in Gillespic 
vald D. | 
ima rh Ay 


erry 


Montana Bur 


nd 


Ball, S. I 


Geol. Surve 


th 





Bull. 340, p 
Laramide zg 
America B 
County lex 

1 5° \W\ 
5 Geo 


Keystone gold-tungste 


Mines and 


a 


1., 1908, Econor 


ré 


d 


+¢ 


speci 


Acta 


and Parker, Breck, 1958, The mineral 


tat 


Romu 


hic 


h 


ee t 
se 1e1 
i 

D 
x b 
vert 
nf. ¢ 

] 
geolog 


r 


I 


Univ 


tungster 


lenne 


eposits of 
¢ \\ 
1 \ 
ence to the 
78-295 
stry of Wyor 
nt ad Yet 
ut ere 
Ce 
‘ 
es \ 
Chicag 
| 
f t (x et 








Economic Geology 
Vol. 55, 1960, pp. 1429-145 





STRUCTURAL CONTROL AND LOCALIZATION OF GOLD- 
BEARING LODES, KOLAR GOLD FIELD, INDIA? 


S. NARAYANASWAMI, MOHAMED ZIAUDDIN 
AND A. V. RAMACHANDRA 


CONTENTS 


PAGI 
Abstract 1429 
Introduction 1430 
Modern mining history f ; ; ivcla an 

Previous geologic work uotaleinset aaron acnc:aik sce Eeaee 

Present work ree GS : 1433 
Physiography . Age 1434 
Regional geology ; ; 1434 
Geological structure : : 1438 

Folding . 1438 
Refolding or cross-folding ... ; 1439 
Dextral and sinistral en echelon folds ; 1440 
Faults ; : F - 1440 
Metamorphism .. ae Keep eed ee sae .. 1441 
Gold-bearing lodes and ore mineralization oe ee . 1441 
Old workings ; ... 1443 
Distribution of lodes . ; .... 1444 
Stratigraphic control ; et eo. 
Description of the lodes v ; : ; : .. 1446 
Mineralogy and tenor of the lodes aoe ; . 1447 
Quartz lodes 1447 
Sulfide-bearing west reefs : 1447 
Wall-rock alteration 1448 
Structure of the lodes .. 1449 
Folds . , ; 1450 
Overlapping lode structures ... a Pe ee 
Internal structural features within 
lodes and ore-shoots ..... ms ; ‘ ca ; 1452 
Structural controls of ore mineralization and 
their bearing on exploration for lodes ; ; 1454 
Gold content of the lodes and its relation 
to structure 1455 
Origin of the lodes , a 1457 
Future prospects shone widens . 1458 
Acknowledgments ae ; gi . 1458 
References ee 1458 


ABSTRACI 


Gold-bearing lodes in Kolar gold field localized in Precambrian 


Dharwar metavolcanics reveal remarkable structural and stratigraphic 


1 Published with the ki: permission of the Director, Geological Survey of India. 
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controls of high-temperature, hypothermal ore deposits. Fifteen parallel 
lodes including six gold-quartz lodes and nine gold-quartz-sulfide lodes 
have been mapped. The Champion quartz lode system has been mined 
over a strike length of five miles and down to an average vertical depth 
of 9,000 feet, the maximum depth reached to date being 10,200 feet. The 
sulfide-bearing Oriental and McTaggart lodes have recently been explored 
and developed in the northern part of the field. 

The lodes are localized along stratigraphic contacts between competent 
beds of granular, fibrous, or massive amphibulite and schistose amphibolite. 
They consist of en echelon quartz vein-zones in altered and mineralized 
wall-rock composed of diopside, hornblende, cummingtonite, epidote and 
biotite, and flanked by thick micaceous-altered wall rock. Besides native 
gold, the ore minerals include chiefly pyrrhotite, arsenopyrite, galena, 
pyrite, scheelite and magnetite. 

Payable ore shoots along the lodes are localized in areas of dilation in 
the vicinity of en echelon cross-folds and associated en echelon faults 
Predominantly dextral en echelon pattern of ore shoots showing north 
pitch has resulted from dextral cross-folds; these are intervened by 
sinistral en echelon ore shoots having south pitch in local areas of sinistral 
folding. The en echelon nature of quartz vein-zones within lodes reflect 
the above en echelon pattern of ore shoots and cross-folds on which they 
are localized. 

The future exploration for lodes to augment the declining ore reserves 
will depend on the diligent application of the above structural principles 


INTRODUCTION 


Tue Kolar gold field, the chief gold-mining district in India, is situated in 
the middle of a north-south trending narrow belt of Precambrian Dharwar 
schists measuring 50 miles long by 2 to 3 miles wide, in the eastern part of 
the Mysore Plateau (Fig. 1). Gold mining in Kolar dates back to ancient 
India more than a thousand years ago and more recently during Tipu Sultan’s 
regime in Mysore in the 1780’s. Modern mining for gold followed the 
ancient workings and the mines have been in operation during the past 75 
years. Mining is now being carried out. over a strike length of 5 miles and 
down to an average depth of 9,000 feet. The maximum depth reached to 
date is close to 10,200 feet vertically below the surface (over 7,200 feet 
below sea-level at Madras) in the Champion Reef mine at the center of the 
field. To date more than 40 million long tons of ore has been crushed and 
nearly 23 million fine ounces of gold has been recovered from the field 
Though rich and valuable ore still persists at depth in Champion Reef mine, 
most of the payable shoots along the main Champion lode have been worked 
out and the present mines are now faced with depletion of high-grade ore 
reserves. Thus, immediate search and exploration for locating new lodes 
and for tracing extensions of the known lodes are necessary in order to extend 
the life of this important gold-mining district in India. 

The Kolar gold mines, until recently owned and operated by three or 
four English mining companies with Messrs. John Taylor and Sons, the 
well-known London Mining Engineers, as Managing Directors, was national 
ized in 1956 by the Government of Mysore. The Kolar Gold Mining 
Undertakings of the Mysore Government are keenly interested in intensive 
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exploration to locate new lodes and payable ore-shoots on a scientific basis 
and to plan and develop new areas for future mining. 

Detailed geological mapping of the Kolar gold field was carried out by the 
authors and their co-workers B. D. Gupta, K. Appavadanulu, M. Krishna- 
murty, D. Venkataramanan, A. S. Rameingar and N. G. K. Murty during the 
field-seasons 1954-55 to 1958-59 under the guidance and active participation 
of the senior writer, as part of the program of intensive mapping of mineralized 
districts in India by the Geological Survey of India. In this paper we present 
the results of our work and discuss particularly the remarkable structural 
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LOCATION MAP. 


and stratigraphic controls for gold mineralization displayed by this unique, 
high-temperature, hypothermal ore deposit. 


MODERN MINING HISTORY 


Modern gold mining in Kolar gold field dates back to 1871, when Lavelle 
(14) commenced prospecting operations, which led to the formation of Kolar 
Concessionaires in 1876. Out of the several London mining companies who 
made unsuccessful attempts to explore the field before 1880, four companies, 
namely the Mysore, Ooregaum, Nundydroog and Balaghat companies, were 
formed with the aid of Messrs. John Taylor and Sons. 
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By 1885, the downward extension in depth of the Champion lode was 
proved by the Mysore Co. Indications were also found that the auriferous 
quartz continued with the same tenor to the deepest parts of the mines as at 
higher levels. It was felt that the ores might continue to as great a depth 
as it was practicable to work in the face of increasing physical difficulties due 
to high temperature in depth and rock-bursts due to the strained conditions 
of the rock deeper down. 

The Champion Reef Co. was floated in 1889 and there were five companies 
operating in the field until 1932 when the Balaghat Co. went into liquidation 
and was amalgamated with the Nundydroog Co. From this time, four mai 
companies, the Mysore Gold Mining Co. Ltd., the Champion Reef Gold Mines 
of India Ltd., the Ooregaum Gold Mining Co. of India Ltd., and the 
Nundydroog Mines Ltd., operated among themselves the entire lease area 
consisting of about 23 square miles. The Ooregaum gold mine ceased as an 
independent mine in July 1953 and was amalgamated with the neighboring 
Champion Reef gold mine. 

The nationalized Kolar Gold Mining Undertakings of the Mysore Govern 
ment took over the entire operations of the above three companies in 1956 
and now conduct the mining operations as a single unit 


PREVIOUS GEOLOGIC WORK 


Bruce Foote (4, 5, 6, 7) from the Geological Survey of India was the first 
to correlate the auriferous hornblende schists and allied rocks in Kolar schist 
belt with the Precambrian Dharwar System of Mysore and suggested a 
synclinal structure. Bosworth Smith (24) distinguished three synclinal folds 
in the southern part of the Kolar gold field and described the mineralogy and 
origin of the Champion quartz lode and the sulfide-bearing Oriental lode 
He also described the line of old workings along the three main lodes within 
the field in Mysore State and along their southern extension into the former 
Madras State. Hatch (8) described the lodes of Kolar gold field as bedded 
lenticular veins parallel to the foliation of the schists, pinching and swelling 
both along the strike and dip. According to him, the most interesting 
feature along the Champion lode was the occurrence of folds pitching to the 
north, along the axis of which were found thick and valuable ore bodies 
forming ore shoots. After describing the ore shoots of the field along the 
Champion lode, he pointed to the northerly pitch of the shoots on Champion 
lode and s« vutherly pitch of the shoots on the West Balaghat lode (now called 


Smeeth (19, 20, 21, 22, 23) from the Mysore Geological Department 
published a number of papers from time to time on the geology, petrography, 
gold-bearing lodes and mining activity of the field; he classified the schists 
into uralite diabase, uralite porphyrite, hornblende schist, hornblende 


granulite, granular schist and amphibolite. Jayaram (9, 10, 11) was the 
first to prepare a large-scale map of the Kolar gold field on 2 inches to 1 mile 


scale; he distinguished various rock types following the nomenclature of 
Smeeth. Ramachandra Rao (18) subsequently made a_ petrological and 

















ILD-BEARING LODES, INDIA 1433 


chemical study of the rocks and discussed their origin by metamorphic 
alteration from plateau basalts. 

Descriptions of the geology, mode of occurrence of lodes and mining 
methods practiced in the field were given by mining company geologists and 
engineers including Mervyn Smith (25), Pryor (17), Keith (13), White 
(27), Jeffrey (12), Lindsay (15), Bichan (1), Burdon (2) and Martin (16). 
The best account on the geology, structural features and mineralogy of the 
lodes is by Pryor (17), who was the chief geologist for John Taylor and Sons. 
According to him, the zig-zags or “folds” along the Champion lode were not 
actual folds, but fillings of quartz following branching fissures at the inter- 
section of NNW-SSE faults and N-S fractures, the resulting ore shoots 
having a northerly pitch along the plane of the lode. The gold mineralization, 
which showed an increase in fineness with depth, was post-quartz and 
post-NNW faulting. He dispelled the older idea that the “dogger” or 
“microgranite”’ (now identified as micaceous wall-rock alteration) was an 
unfavorable indication in a mine. 

Bichan (1) felt that there was good structural control and localization 
of lodes along folds and that the synclinal structure of the field was much 
more complex than hitherto realized According to him, the anticlinal 
crumple along the middle of the mining field might have some relation to the 
control of ore mineralization. 

Viswanath (26) adopted the nomenclature of “epidiorites” for the rocks 
of Kolar hornblende schists following Wiseman (28) while describing the 
petrography of the Kolar metavolcanic suite. 


PRESENT WORK 


The aim of the present program of work was to compile a comprehensive 
record of all available geological information by surface and underground 


mapping and from study of underground mine plans, sections, assay maps, 
and drill-core records; the structural, stratigraphic and other controls and 
guides for gold mineralization established from this study would facilitate a 
diligent search and exploration for gold-bearing lodes both within and outside 
the present mining limits of the field. This paper is based on detailed regional 
mapping of an area of 100 square miles of the belt on 4 inches to 1 mile 
scale aerial photos, large-scale mapping of an area of 8 square miles of the 
present mining belt on 24 inches to 1 mile scale aerial photos, plane-table 
mapping of 3 square miles on 360 feet to 1 inch scale and underground 
mapping of over 200,000 feet length of drives and cross-cuts, in addition to 
logging of diamond drill cores, experimental geochemical soil sampling over 
sulfide-bearing western lodes and geophysical prospecting by self potential and 
magnetic surveys over an area of 20 square miles. 

Coordination of our work with the mining authorities of the field to help in 
their exploration program and frequent consultation of the excellent mine 
models that are available for all the mines have helped in precise correlation 
of lodes and ore-bearing structures in three dimensions. It is now possible 
to predict the structural pattern and behavior of lodes in any part of the 
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field with some degree of confidence, though it is still a difficult problem to 
predict the gold content of the lodes. 


PHYSIOGRAPHY 


The major part of the field is an undulating plain of low relief with an 
average elevation of 2,800 feet above sea-level. The southern extension of 
the schist belt towards Bisanattam and Kuppam in the adjoining parts of 
Andhra Pradesh is rugged, composed of hills and ridges of granite, amphibo 
lite and ferruginous quartzite. The Yerrakonda hill (El. 3,355 feet) north 
of Bisanattam and the Mallappankonda range (EJ. 3,596 feet) further to the 
south form prominent landmarks along the belt. The line of ridges composed 


ot 


ri 
? 
mS 


beds of strongly resistant ferruginous quartzite along the avestern margin 
of the schists form a striking topographic feature in the Kolar mining belt 
The center of the field is marked by a linear highground of massive amphibo 
lite that extends south as a prominent ridge from Marikuppam at the 
southern part of the mining camp towards the Mallappankonda range. The 
Marikuppam ridge forms a water divide for the drainage of the streams into 
the Palar valley in the east and Penner valley in the west. The mining field 
slopes gently to the east and southeast, and the streams, which are mostly 
dry and rain-fed, drain into the Palar river. 

The climate of Kolar gold field is cool and salubrious like Bangalore 
The mean annual temperature is about 80° F and the hottest months are 
April and May, when the temperature rises to about 95° F. The area 
receives an average annual rainfall of 30 inches, most of which falls between 
May and July during the south-west monsoon season. The schist belt is 
generally barren of any natural vegetation except for the planted trees within 
the mining camp, and the fields are cultivated after the rains with maize 
and other dry crops. 

REGIONAL GEOLOGY 


The Kolar schist belt comprises a suite of intensely folded and meta 
morphosed flows of mafic volcanic rocks and associated sheets and sills of 
basic igneous intrusives, as well as a few beds of banded ferruginous quartzite 


Metabasalts form the general country rock and consist mainly of (1) schistose, 
fissile and spotted (amygdular) amphibolite, and (2) a central linear zone 
of massive amphibolite. These are interlayered with narrow beds of 
(3) granular amphibolite (meta-dolerite and meta-gabbro) and (4) green 
fibrous and tufted amphibolite (meta-pyroxenite?). Banded ferruginous 
quartzite and quartz-magnetite schist form thin beds mainly along the western 
margin of the schist belt and isolated lenses at places along the eastern margin 
A narrow zone of fine- to medium-grained schistose micaceous gneiss and 


porphyroblastic feldspathic gneiss, containing zones of sheared “autoclastic 
conglomerate” crops out along the eastern side of the meta-volcanic rocks; 
this gneiss is locally called the “Champion gneiss.”” Thin bands of muscovite 
schists and highly sheared quartz-muscovite schists, feldspathic schists and 
gneisses, which appear to be equivalent to the Champion gneiss crop out along 





\LD-BEARING LODES, INDIA 1435 


the western margin Mixed micaceous para-gneisses, granitic ortho- 
gneisses, and granites form the general country rocks surrounding the schist 
belt. Post-tectonic or syntectonic granite plutons, locally called “Patna 
granites’ and “Bisanattam granites” occur in structurally favorable areas at 
the north-west and south-east extremities of the Kolar gold field. Post- 
ly dolerite and minor gabbro and basalt traverse the 
amphibolites, schists, gneisses and granites. The rocks are injected with vein 
quartz and in a few places pegmatites. 


tectonic dikes of main 


JLOGY AND GOLD LODES OF KOLAR GOLD FIELD 





The name “Kolar Amphibolite Series” is thought to be the most 
appropriate for the meta-volcanic suite of rocks in view of the prevalence of 
amphibolites falling within amphibolite facies of metamorphism. 

The inferred geological succession of rocks is given in Table 1 and 
Figure 2 shows a generalized geological map of the Kolar schist belt. 

The meta-basalts show pillow structure and alternating layers of 
amygdular and vescicular zones. The pillows are, however, so highly dis- 
torted and sheared that it is extremely difficult to establish flow tops and the 
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rABLE 1 
C,EKOLOGICAL SUCCESSION OF ROCKS IN KoLArR Scuisr BeLt 
Late Precambrian Basic Intrusives 7. Dykes of dolerite, gabbro and b 


probably ol 
( uddapah age 


Precambrian Post-Dharwar 6. Pegmatite and vein-quartz i 
Intrusives | 
5. Gold-quartz lodes and gold-bearing quartz ficle | 
] ] 
lodes 
4 Patna” and “Bisanattam”’ granites | 
3. Peninsular gneisses—para-gneisses, ortho-gneisses 
nd mixed gneisses 
Lower Dharwar 2 Kolar Amphibolite Seri« 
system 
1. Champion gneisses and itoclastic conglomet 


ites 


stratigraphic succession within the “Kolar Amphibolite Series.” Absence of 
sedimentary marker horizons, cleavage-bedding and other criteria preclude 
any possibility of arriving at the real succession of various rock units. The 
tentative succession of units within the “Kolar Amphibolite Series” shown 
in Table 2 is based on the general observed repetition, dips and other features i 


rABLE 2 


(JEOLOGICAL SUCCESSION OF ROCKS WITHIN KOLAR AMPHIBOLITE SERIES 





Late Precambrian 9. Dykes of dolerite, Consist of (1) non-porphyritic dolerite 2 ' 
Basic Intrusives basalt and gabbro phyritic olivine-bearing dolerite, (3) porphyriti : 
nd non-porphyritic basalt or trap, and (4) gabbr 
Post-Dharwar 8. Pegmatite and (oarse-graine quartzo-felispathic pegm 
Intrusives vein-quartz muscovite, tourn ne nd garnet; veins of w 
lartz and « e that t gold-bearir 
7. Grold-bearing (;sold-bearing quartz and sulfide lodes comp 
quartz lodes and vein-quartz and quartz vein-zones 
gold-bearing varallel, en echelon veins 
quartz-sul fide 
lodes (West Stringers and lenses of bl g to white, | 
Reefs) sheared quartz, traversing ily sheared, scl ; 
recrystallized and mineralized wall-rock, cor i 


itaining 
silicates, metallic oxides and sulfides; Sulfide-bear- 
ing lodes contain a much greater proportion of 
sulfides, chiefly pyrrhotite and arsenopyrite; Gold 
present in quartz, sulfides and silicates; Some of the 
western sulfide lodes are graphitic and locally grade 
into graphitic lodes 


6. Fibrous Medium to coarse grained, green, fibrous and tuftec 
amphibolite amphibolite composed chiefly of actinolite; com 
meta-pyroxenite ? monly highly schistose nd locally granular look 
or sheared ing; forms lenticular zones along the westerr side 
granular of granular amphibolite beds 


amphibolite ? 


and /or 
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rABLE 2-—Continued 


Lower Dharwar (sral I Fine to medium graine vranular-looking, dark 
“Kolar Amphib mphibolit« mphibolite (resembling hornblende granulite) and 
lite Series metadolerite and coarse grained, somewhat schistose, dark amphibo 
gabbro) lite (resembling hornblendite) 
4. Massive amphibo Fine grained, compact, dark, massive amphibolite 
massive showing pillow structure 
basalt 
3. Schistose and \ complex banded assemblage of dark-colored, fine 
mphibolit« grained and compact amphibolite, alternating with 
stose and schistose and fissile amphibolite, hornblende schist 


amygdul and white-spotted (amygdular) amphibolite, repre 
eta-basalt senting meta-basalts of varying composition, alter 
nating with amygdular flows and vesicular brecci 
ited tops of lavas; commonly show pillow structure ; 


some may be variolitic meta-basalts 


2. Banded ferrugi Finely banded and drag-folded ferruginous quartz 
US quartzite te composed of recrystallized cherty quartzite and 

nd quartz brown ferruginous layers; also thin en echelon bands 
gnetite schist of quartz-magnetite schists containing grunerite 


ilong the western contact of schist belt 


1. Champion gneiss Fine to medium grained, banded, streaky, quartzo- 
itoclast ic feldspathic gneiss and micaceous schist ; blastopor- 
nglomerate phyritic streaky gneiss containing feldspar augens, 
tourmaline, and calcite also common; quartz 


muscovite schist and coarse feldspathic muscovite 

hist along the western margin; zones of “‘pinch 
ind swell” granite and “‘autoclastic conglomerate’ 
ontaining sheared pe bbles and boulders (boudins 
of granite, pegmatite, gneiss, amphibolite and fer- 
ruginous quartzite common along eastern margin 
of schist belt 


ff the various units of the series on either side of a central zone of massive 


amphibolite. Figure 3 is a generalized geological map of the Kolar gold field 

The massive amphibolite forms a distinctly mappable horizon, generally 
300 to 500 feet in width, extending from north to south along the central 
part of the schist belt. The formation lenses out and pinches toward Mallap 
pankoda range along the southern extension of the belt. Schistose amphibo- 
lite, which forms the general country rock of the schist belt, occurs on either 
side of the central zone of massive amphibolite. Pillow structures are 
common in both the schistose and massive amphibolites indicating that the 
flows were spilitic basalts of probably andesitic composition. The presence 
of alternating layers of compact aphanitic varieties and spotted amygdular 
types within the schistose amphibolite suggests a suecession of thin lava 
flows with amygdular and vescicular tops. 

The 
lenticular bodies following the general strike within the schistose amphibolite. 


granular amphibolite forms numerous parallel linear beds and 
Petrographic characters and other features suggest that these rocks are meta- 
morphosed sheets and sills of probably dolerite and gabbro intrusive into the 
original volcanic series. The fibrous and tufted amphibolite forms lenses and 
sheets on the western side of beds of granular amphibolite. The rock has 
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mineralogical and chemical composition corresponding to meta-pyroxenite. 
The localization of the fibrous amphibolite on the western, generally hanging 
wall side, of beds of granular amphibolite and the common association of 
quartz lodes and other features of mineralization on its hanging wall to the 
west, however, suggest that it might indicate metasomatic alteration of 
granular amphibolite by mineralizing solutions along zones of folding, frac- 
turing and shearing. The exact nature of the fibrous amphibolite is still an 
unsolved problem 


GEOLOGICAL STRUCTURI 


Folding 


In the absence of any definite criteria for establishing the stratigraphy 
of the “Kolar Amphibolite Series” except for local occurrences of pillow 
structure, which is commonly sheared and distorted, it has not been possible 
to confirm and prove the synclinal nature of the structure of the Kolar schist 
belt interpreted by earlier workers. The repetition of the various beds of 
granular amphibolite on either side of the central run of massive amphibolite, 
the occurrence of beds of ferruginous quartzite and schistose gneisses on 
either side of the schist belt and the generally opposing inward dipping 
nature of the rocks are the only evidences for the synclinal structure. The 
branching, thinning out and closure of the schist belt toward the south, 
the gradual thinning out and disappearance of the beds of massive and 
granular amphibolite southward and the predominantly northerly lineations 
noticed in the surrounding gneisses and in places within the schists are 
evidences for a north-plunging synclinal fold. It is, however, possible that 
the structure may be doubly plunging. The axis of the syncline strikes 
north-south, parallel to the general trend of the schist belt and the regional 
layering within the schists; the dip of the axis is nearly vertical as indicated 


from opposing steep westerly dips (60°75 of the rocks along the eastern 
side and steep easterly dips along the western side. However, there are 
local complications due to later folding and faulting. The plunge of the 
axis appears to be gentle (15°-25°), but there is no conclusive evidence 


within the rocks to indicate the exact amount of plunge. 

The synclinal structure inferred from the above criteria (Fig. 4a) is, 
however, contradicted by certain pillow structures at a few places along the 
eastern part of the schist belt indicating easterly tops. Confirmative evidences 
for easterly or westerly tops are not, however, available along the western 
part of the schist belt. Considering the intense deformation undergone by 
the Dharwar rocks of Mysore, it is possible that the Kolar schist belt is only 
a homoclinal sequence cut off against a thrust (Fig. 4b), or the structure 
is a recumbent anticline cut off from the main Dharwar schist belts of 
Chitaldrug and Shimoga to the west and thrust over the gnessic rocks 
(Fig. 4c). According to the latter view, the present synclinal aspect of the 
structure is indicative of the infolded nature of the recumbent anticline 
within the surrounding Peninsular gneisses. The experience of the authors 
in other Dharwar schist belts of Mysore is more in favor of a synclinal 
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structure, though the other alternatives suggested above cannot be 


completely overlooked. 
Refolding or Cross-Folding 


The present mapping has indicated that there are complications in the 
structure, hitherto unrecognized, resulting from later “refolding” or “cross- 
folding” of the original synclinal axis. The general disposition of the schist 
belt (Fig. 2) indicates splitting of the main schist belt toward the south in 
a dextral en echelon pattern. This en echelon shifting is also reflected in 
the geological horizons within the schist belt. Such an en echelon shift cannot 
be accounted by simple drag folding within the original syncline, but must 
be due to later drag folding of the earlier axis at intervals along the strike. 
The maximum number of branches and maximum thickening of the schist 
belt are in the southern part of Kolar gold field. This feature is due to a 
major “cross-fold” of the earlier syncline about a NNW-SSE axis passing 
through Yerrakonda hill in the south, Edgar Shaft in Mysore mine in the 
center and Dodduru in the north. This cross-folding is probably much later 
than the main period of deformation, or has been produced by continuation 
of the same shear movements succeeding the earlier deformation. 

Along the main axis of cross-folding, there is an anticlinal cross-fold 
passing through Yerrakonda hill and Dodduru and a complementary synclinal 
cross-fold flanking on its east. The anticlinal cross-fold of Yerrakonda hill 
in the south is occupied by the ““Bisanattam granites” and the synclinal cross- 
fold near Dodduru in the north is marked by the “Patna granites.” On either 
side of this major axis of cross-folding for a distance of 2 to 3 miles are a 
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series of minor en echelon cross-folds of the nature of “en echelon drag folds,” 
which graduallly fade out towards the north and south. The axes of these 
folds are also parallel to the NNW-SSE axis of the major Yerrakonda 
Dodduru cross-fold. 

The dip of the cross-fold axial plane is steeply to the west (70°-80°) as 
evidenced from predominantly steep west-dipping nature of both layering and 
schistosity within the rocks along the axial zones. The plunge of the axis 
is low to moderate (25°-35°) to NNW as inferred from lineations on 
Yerrakonda hill and other places on the surface and along lode intersections 
in the underground workings of the mines. This is also confirmed from 
correlation of rock units from surface to underground in some of the folded 
areas within the mines. There is a gradual steepening of the plunge with 
depth which is clearly indicated in the underground workings 


Dextral and Sinistral En Echelon Folds 


The en echelon pattern of cross-folds described above is of dextral type 
through a greater part of the Kolar schist belt and has resulted in right-hand 
offset of geological units as one proceeds north following the strike. This 
predominant dextral pattern is, however, intervened by areas of sinistral 
en echelon folds, resulting in left-hand offset of rock units in these areas 
as one proceeds north along the strike (Fig. 2). The dextral folds have a 
NNW plunge, whereas the sinistral folds plunge to the SSW lwo promi 
nent areas of sinistral folding within the Kolar gold field are (1) in Nundy 
droog mine area at the northern part of the field, and (2) towards the 
Marikuppam ridge half a mile south of Edgar Shaft in Mysore mine area 
in the southern part of the field. This alternation of sinistral folding at 
intervals within areas of predominantly dextral folding is not clearly evident 
from the general disposition of the schist belt but is brought out by the 
beds of massive and granular amphibolite within the belt and also the western 
ferruginous quartzite. Although no really satisfactory explanation has so 
far been found to account for the alternation of dextral and sinistral folds 
within the same area, this structural feature might be explained as resulting 
from reversals of stresses produced at intervals during folding and accompany- 
ing syntectonic granitic intrusions; this would be necessary to relieve the 
mounting uni-directional stresses as a result of one kind of folding and 
also to accommodate the accumulating pile of rock masses in areas of such 
folding. Localized as these folds are between two buttresses of granite 


sold 


db 


plutons, the Bisanattam and Patna granites, on either side of Kolar 
field, the structures probably also have some relation to the compressive 
forces resulting from the granitic intrusions and accompanying deformation 
about a vertical axis. 
Faults 
Three main systems of faults have affected the rocks as well as the 
enclosing lodes in the area. These are: 
(1) NNW-SSE to NW-SE major faults, which are roughly parallel to the 
axes of cross-folds in the area. About half a dozen of these faults are seen within 
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the mapped area of Kolar gold field, namely the Balaghat North fault, Tenant’s 
fault, Mysore North fault, Mysore South fault, and Gifford’s fault system. These 
faults dip steeply (70°-80°) to the WSW and their general effect is sinistral 
offsetting of the rocks and the lodes over measurable distances (up to 400—500 
feet along Mysore North fault and close to 7,000 feet along Balaghat North fault) 
to the SSE or SE along the plane of the fault. The faults appear to be sinistral 
wrench faults parallel to the steep limbs of the asymmetrical isoclinal cross-folds, 
which have resulted during the waning stages of the shear movements and accom- 
panying granitic intrusions. The zig-zag pattern of the Gifford’s faults and the 
Balaghat North fault in the south and north with reference to the major Mysore 
North fault in between, the sinistral nature of the movements along these faults 
in most of the places in contrast to predominantly dextral pattern of cross-folds 
where they occur, and the occurrence of two granite plutons on either end, 
all seem to suggest that these faults are post-dextral folding and are probably 
related to the stresses responsible for late sinistral folding and the emplacement 
of the granite plutons 

(2) NNE-SSW to NE-SW secondary faults which are parallel to the axis 
of reverse sinistral cross-folds noticed at intervals between predominantly dextral 
cross-folds. These faults seem to be restricted to Nundydroog mine at the 
northern part of the field, where there is a predominant area of sinistral folding 
The faults dip steeply (70°-80°) to ESE or SE and are of the nature of dextral 
wrench faults offsetting the rocks and the lodes to the SSW or SW along the 


plane of the fault. The movement pattern along these faults is complementary 
to the movement pattern along the NNW and NW striking major faults described 
above. The most important faults of this type occur across the McTaggart East 
lode near Henry Shaft and the Oriental lode north of Bridge Shaft. ‘These faults 


offset the lodes and the rock units by short distances of up to 100 feet at places. 
(3) E-W, ENE-WSW and ESE-WNW minor cross-faults, which 


are ol 
the nature of minor tension faults. These faults are generally steep or vertical 
and have no appreciable effect on the rocks or the lodes. They are probably 


tension faults resulting from the release of stresses after the regional folding, 
faulting and granite emplacement, and are the latest set of rupture in the rocks. 


METAMORPHISM 


The mineralogy of the “Kolar Amphibolite Series” consist mainly of 
blue-green amphibole (hastingsite), and intermediate plagioclase andesine- 
labradorite, together with minor amounts of actinolite, epidote, quartz, 
sphene and opaque titaniferous magnetite. The general metamorphic grade 
indicated by this assemblage is intermediate between “Amphibolite facies” 
and “Epidote-Amphibolite facies.” There is no noticeable change in the 
grade of metamorphism throughout the schist belt and no mappable meta- 
morphic isogrades. Epidotization and silicification are, however, character- 
istic features along fault zones, which are marked by silicified fault rock 
traversed by veinlets of epidote. It is not known whether the presence 
of small percentage of epidote in the rocks is related to slight retrograde 
changes from Amphibolite facies during the late-stage deformation by cross- 
folding and accompanying granitic intrusion and gold-quartz mineralization. 


> 


GOLD-BEARING LODES AND ORE MINERALIZATION 


\mong the 26 or more lodes reported by Pryor and other earlier workers 
in Kolar gold field, 14 lodes listed in Table 3 have so far been mapped and 
precisely correlated through a strike length of about 10 miles within the 
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Kolar mining belt (Figs. 3 and 5). Figure 3 shows the distribution of 
these lodes and the associated geological formations. 

Of these lodes, the Champion quartz lode has been mined during the past 
75 years over a strike length of 5 miles and down to an average depth of 
9,000 feet, and has not so far shown any indication of complete exhaustion. 
The Mundy’s lode, which occurs at about 400-600 feet to the west on the 
hanging wall of Champion lode, has been explored and developed down to 
a depth of 1,200 feet in the upper levels of Tenant’s Shaft in Champion 
mine. Among the sulfide-bearing western lodes, called “West Reefs” in 
the field, only the McTaggart East, McTaggart West and Oriental lodes 
have been developed and mined in Nundydroog mine in the northern part 
of the field. Of these, the Oriental lode carries well developed payable 
shoots and has been explored and mined over a strike distance of close to 
10,000 feet and down to depths reaching nearly 7,000 feet. Exploratory 
development is now in progress in Champion Reef and Mysore gold mines 


TABLE 3 


LopES IN KOLAR GOLD FIELD, FROM East TO WEs!1 


My t 1. Muscoom lode (Eastern lode ? 
2 Muscoom B lode 
3. Muscoom C lode 
4. Champion lode (Main lode 
5. Mundy’s lode 

Gold-bearing ilficle 6. McTaggart East lode 

lodes (West Reef j McTaggart West lode /Oriental lode 

8. New Sulphide lode A 
9. New Sulphide lode A 
10. New Sulphide lode B 
11. New Sulphide lode ( 
12. New Sulphide lode D 

Gold-quartz lode 13. New Quartz lode E 

Mixed lod 14. New Graphite-Sulphide-Quartz lode F 


on three sulfide lodes that are considered to be equivalent to the three West 
Reefs of Nundydroog mine, but the gold content along these lodes is rather 
disappointing. Recent detailed mapping and correlation of lodes from mine 
to mine seems to indicate that the McTaggart East, McTaggart West and 
Oriental lodes pinch out in the southern mines and the lodes now explored 
are actually New Sulphide lodes A, B, C and D (Fig. 5). 


Old Workings 


\ncient workings for gold and old workings of a more recent period 
are evident throughout the Kolar gold field on many of the lodes listed 
above, but the distribution, frequency and size of these workings indicate 
a general concentration by the old timers mainly on the Champion lode and 
partly on the three West Reefs that are already developed in Nundydroog 
mine. Modern mining in Kolar goid field, especially on the Champion lode, 
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started along the old and ancient workings. The ancient workings are 
indicated generally by depressions of black-cotton soil in which are strewn 
pestles and mortars cut out of dolerite rock and also stone implements 
chiseled out of fine-grained schistose amphibolite. Some of the ancient 
workings on the Champion lode were reported to go down to depths of 
300 feet and were found to contain old pottery, etc. The old miners seem 
to have extracted the ore by a slow process of “fire-setting’’ followed by 
quenching the heated rock by water, thus disintegrating the gold-bearing 
quartz. 

Apart from these ancient workings, there are also old workings of a more 
recent date marked by shallow shafts, pits and trenches on many of the 
lodes throughout the field, indicating modern exploration activity during 
the gold rush of the 1880’s. Experience of Messrs. John Taylor & Sons 
shows that ancient workings were located on richer patches along the outcrops 
and generally struck richer ore-shoots in depth. This has led to the belief 


that it is useless to prospect on lodes which are not marked bv ancient 
workings. 
Distribution of Lodes 


The lodes listed in Table 3 are sub-parallel, cropping out at intervals of 
200 to 600 feet across the strike, and have been traced throughout the 
mapped area over a strike distance of nearly 10 miles. The eastern part 
of the field is marked by the Muscoom, Champion and Mundy’s quartz 
lodes; in the central and western parts of the field sulfide-bearing lodes th 


are in places graphitic predominate. 


it 


Stratigraphic Control 


Detailed mapping and correlation of the lodes and the associated geo 


logical formations from mine to mine and along strike throughout the mapped 
area has clearly shown a definite stratigraphic control in the distribution 
of the lodes (Fig. 3). The lodes are generally within schistose amphibolites 
at or very close to the contacts of granular, fibrous or massive amphibolites. 
The majority of the lodes are also located on the western hanging wall side 
of these competent formations. Figure 6 shows two geological cross-sections 
across Kolar mining belt, one through Bullen’s Shaft in the north and 
another through Edgar Shaft in the south, which clearly reveal the strati 
graphic position of the various lodes listed above. The remarkable strati 
graphic control exhibited by the lodes forms a fool-proof guide for their 
correlation from mine to mine and also to trace their outward extension 
beyond the present mining limits. 

The Muscoom lode, Muscoom C lode, McTaggart West/Oriental lodes 
and New Sulphide lodes B and D are localized at the western contacts of 
granular amphibolites; the Muscoom B lode, McTaggart Kast lode, and 
New Sulphide lodes A and C are localized along the eastern contacts of 
granular amphibolites ; the Champion and Mundy’s quartz lodes, New Quartz 
lode E and the mixed Graphite-Sulphide-Quartz lode F are localized along 
the western contacts of fibrous amphibolites that flank on the western side 
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Fig. 6 | 
GEOLOGICAL CROSS - SECTION ACROSS KOLAR MINING BELT 
(Showing stratigraphic control of lodes ) 
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of four prominent beds of granular amphibolite; the New Sulphide lode A, 
and partly the McTaggart West/Oriental lodes are localized at the western 
and eastern contacts respectively of the central zone of massive amphibolite. 
Present mapping and correlation also reveal that the Oriental and McTaggart 
West lodes in the Nundydroog mine belong to one and the same horizon, 
the Oriental lode occurring north of the major sinistral cross-fold at Bridge 
Shaft and the McTaggart West lode occurring to its south, with an overlap 


in the region of cross-folding for a distance of nearly 2,000 feet as far as 
the West Balaghat shafts (Figs. 3 and 5). 


Description of the Lodes 


The lodes are persistent quartz and sulfide filled, parallel openings or 
dilations following shear zones extending continuously north and south for 
long strike distances. The main Champion lode and other quartz lodes form 
quartz vein-zones composed of a series of parallel, en echelon veins, lenses 
and stringers of bluish-gray to white, translucent quartz traversing through 
a zone of highly sheared, schistose, altered and mineralized, micaceous, 
hornblendic and diopsidic wall rock. The lodes range in thickness from 
thin partings filled with quartz and carbonate (calcite), called “lode channels” 
by the miners, to thick zones up to 50 feet or more in folded areas. They 
pinch and swell both along the strike and down-dip, there being large areas 
of payable ground or “ore shoots” where the lodes are thick, alternating 
with barren patches where they are narrow and impersistent. The individual 
veins and stringers within the lode are more or less elongated lenses pinching 
and swelling both along the strike and down-dip. These range in thickness 
from less than an inch up to 4 feet or more at places, the general average 
thickness being less than a foot. Thick masses of quartz generally occur 
along folds on the lodes, described as “zig-zags” by Pryor (17). The 
average thickness of the lodes may be about 5 or 6 feet. 

The Oriental, McTaggart and other sulfide-bearing West Reefs are 
similar to the Champion-type quartz lodes, except for the presence of sulfide- 
ore minerals, which form the most important contituent of the ore, making 
up 10 to 20 percent of the lode matter. These are also quartz vein-zones 
like the Champion and other quartz lodes, composed of thin, parallel, en 
echelon veins, lenses and stringers of quartz traversing through highly 
sheared, schistose, altered and mineralized wall-rock. The sulfides form 
thin layers, lenses and bands alternating with quartz veins and stringers and 
layers of silicates. The lodes show a clear-cut mappable contact with the 
wall-rock, unlike the gradational and dispersed nature of the quartz lodes 
The quartz ranges in thickness from thin stringers to thick veins and large 
lenticular masses, that in places measure up to 10 feet across, but nowhere 
does it form such large dimensions as in the quartz lodes. Where the lodes 
are very thick, the quartz forms parallel en echelon veins measuring about 
1 to 2 feet in thickness. The alternating sulfide layers range from thin 
streaks a fraction of an inch across to layers 2 to 3 inches in thickness. They 
are highly admixed with silicate minerals or form clear-cut alternating layers ; 
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in places they form massive sulfide veins (“solids”) that locally cut across 
the banding within the lodes. 


Vineralogy and Tenor of the Lodes 


The mineralogy of the quartz and sulfide lodes is somewhat different in 
that there is a complete absence or very minor amount of sulfides and 
other ore minerals present in the quartz lodes. Gold is generally in greater 
abundance in quartz lodes than in sulfide lodes, but there is no correlation 
of the gold content with either the proportion of quartz or the proportion 
of sulfides and other minerals. 

The average tenor of payable ore in Kolar gold mines varies from 
7 to 10 dwts. per long ton on the Champion quartz lode system to 5 to 6 dwts. 
on the sulfide-bearing West Reefs of Nundydroog mine. There are also 
large reserves of low-grade ore averaging 3 or 4 dwts. per long ton in both 
the quartz and sulfide lodes. 


Ouartz Lodes 


The Champion lode and other quartz lodes are composed chiefly of vein 
quartz in sheared altered and mineralized silicate wall-rock. The quartz is 
highly sheared, granular and in places resembles a quartzite. Thin sections 
of the quartz reveal highly schistose nature, in places resembling quartz 
schists. The quartz is colorless or white to bluish-gray and slightly trans- 
lucent; glassy vitreous quartz and dark-gray horny quartz are seen at a 
few places. The ore minerals consist chiefly of native gold, and at places 
minor metallic oxides including scheelite, magnetite and ilmenite, and sparse 
sulfides galena, pyrrhotite, pyrite, arsenopyrite and chalcopyrite. The sulfides 
and oxides make up less than one percent of the lode matter and are very 
localized in their occurrence and distribution. Galena is the most abundant 
among the sulfides and is visible in many parts of the lodes. The silicate 
gangue in the lode consists of pale-green diopsidic pyroxene, blue-green 
hornblende, acicular to fibrous cummingtonite and tremolite, pale-green to 
colorless epidote, brown biotite, black tourmaline, garnet, wallastonite, 
dumortierite and minor chlorite. Calcite is the chief carbonate within the 
ore and there are also cross-cutting later veins of calcite and quartz. Gold 
occurs in minute sub-microscopic specks within the quartz, silicates and 
sulfides. Visible gold is locally encountered in some of the richer ore-shoots 
in the form of disseminated grains, leaves and dendritic growths. 


Sulfide-bearing West Reefs 


The Oriental, McTaggart and other sulfide-bearing West Reefs show a 
greater proportion of sulfide-ore minerals (nearly 10 percent of the lode 
matter) than the Champion-type of quartz lodes. The chief sulfides are, 
in order of abundance, pyrrhotite, arsenopyrite, pyrite, chalcopyrite and 
minor galena. Pyrrhotite and arsenopyrite together make up more than 90 
percent of the sulfides. The pyrrhotite, which is the most abundant and 
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forms nearly 75 percent of the sulfides, occurs as disseminated grains and 
granular aggregates forming parallel layers, bands, and lenses following the 
foliation and banding of the lode. Arsenopyrite occurs as large euhedral 
white crystals, generally within pyrrhotite layers, but its distribution is 
localized to certain places along the lodes. The arsenopyrite layers are often 
found among the contact of vein quartz and also as coarse crystals within the 
quartz and pyrrhotite layers in the immediate vicinity. The sulfides are 
seen clearly to replace the silicates and quartz. Native gold in sub 
microscopic form is found within the quartz, sulfides and silicates. Visible 
gold that is so often noticed on the Champion quartz lode is generally rare 
in the sulfide lodes. 

The vein quartz within the sulfide lodes is bluish-gray to white, vitreous 
looking, highly sheared and granular, similar to the Champion lode quartz 
Microcrystalline horny quartz of smokey-gray color is locally seen along 
the sulfide lodes. In addition to the high degree of schistosity and preferred 
orientation of the quartz grains parallel to the banding within the lode, the 
quartz also reveals in thin sections some kind of late shearing indicated by 
undulose extinction at an angle to the schistosity. 

The silicates in the ore include pale-green diopside, blue-green hornblende, 
pale-green to colorless epidote, brown pleochroic biotite, and subordinate 
plagioclase feldspar. Red garnet, green chlorite and fibrous amphibole 
(cummingtonite) are also seen near the wall-rock contact of the lode. White 
calcite is the chief carbonate gangue; it occurs as thin layers and lenses 
within the lode as well as cross-cutting late veins filling tension fractures 
across the lode. 

Wall-Rock Alteration 


Both the quartz and sulfide lodes are characteristically enveloped by a 
zone of micaceous schist derived from the original amphibolite wall-rock 
The original hornblendic rock seems to have been highly sheared, recrystal 
lized and converted into a fine- to medium-grained, brown micaceous schist. 
The zone of micaceous schist on either side of the lode has a variable width 
ranging from a few inches up to 50 feet or more at places in intensely folded 
and mineralized areas. The rock is a brown biotitic schist consisting of 
alternating layers of brown biotite and granular quartz together with minor 
layers of dark fibrous amphibole (cummingtonite). The micaceous wall 
rock is a fairly persistent feature at many places along the lodes and even along 
other parallel quartz veins away from the main lodes. It forms an excellent 
guide to the approach of a lode during exploratory cross-cutting operations 
in the mine. Schistosity within the micaceous wall-rock is generally at a 
small angle to the lode contact, and the intersection of the schistosity in the 
wall-rock with the plane of the lode shows up as lineations that generally 
point to the north or south parallel to the pitch of the ore-shoots along the 
lodes. The most common lineations observed within the micaceous rock 
are minor wrinkles, undulations and grooves caused by drag folds and rolls, 
which are also parallel to the pitch of the ore-shoots, 

In addition to the main micaceous wall rock that envelopes the lode, three 
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distinct zones of alteration are generally distinguished within the lode itself 
on either side of individual quartz veins and stringers. These are: (1) a 
thin casing of pale-green diopside at the immediate contact of the vein 
quartz, followed outward by (2) thick or thin layers of dark hornblende 
and admixed epidote, and finally by (3) a thick layer of brown mica. Where 
the lode is composed of numerous parallel veins and stringers of quartz, 
there are symmetrically alternating layers of quartz, diopside, hornblende- 
epidote and brown mica. These layers are in places highly drag-folded, 
contorted, and sheared owing to post-mineralization shearing or probably 
pre-mineralization drag-folding of highly sheared and fractured wall-rock. 
Streaky layers and lenses of diopside, hornblende, epidote, and micaceous 
material are also seen at places in the highly sheared quartz, which 1s 
commonly dark gray at these localities. 

In addition to the micaceous wall-rock and the alteration zones within 
the lode itself described above, the sulfide-bearing West Reefs that show a 


clear-cut wall-rock contact, exhibit locally lenticular masses of coarse-grained 


altered material between the lode contact and the outer micaceous wall rock. 
The altered rock consists of crystals and aggregates of chiefly white calcite, 
red garnet and dark hornblende. It is generally a few inches up to a foot 
in thickness. Fibrous cummingtonite is common within this altered zone 
as well as in the adjoining outer zone of brown micaceous wall-rock. The 
garnets form rotated porphyroblasts containing relict fibrous amphibole layers 
indicating their development under shearing stress. 

The zoning in the altered wall-rock around vein quartz and the presence 
of thick micaceous wall rock on either side of the lodes suggest metasomatic 


recrystallization of the highly sheared wall-rock involving outward migration 
of hydroxl-bearing molecules towards lowering temperatures. This is re- 


vealed by the development of high-temperature, hydroxl-free pyroxene at 


the contact with the vein-quartz and the incoming 


f increasingly hydroxl-rich 
amphibole, epidote and brown mica farther away from the vein. Detailed 
chemical and petrological studies of the lode and altered wall-rock are still 
in progress and a more comprehensive account of the mineralogy, wall-rock 
alteration and paragenesis of the lodes will be presented later in a separate 
paper 

Structure of the Lodes 


The strike of the lodes, as already described, is north-south and the 
dips are generally steep, 60°-75°, to the west, except along a few of the 
newly-mapped western lodes in the western part of the schist belt, where a 
steep easterly dip is indicated in conformity with the regional dip of rock 
units. There is a gradual steepening of the dip in depth, and below 9,000 
feet it becames almost vertical. Shallow dips of 35°-50° to the west 
dominate on the Champion lode system in the upper levels of Mysore mine 
at the southern part of the field, but the dip gradually steepens to 50°-75 
in the lower levels and becomes almost vertical in the deepest part of the 
Champion mine. Shallow dips of 25°-35° are also seen along the new 
sulfide lodes, A, B, C and D in Mysore mine about half a mile south of 
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McTaggart Vertical Shaft. The dips of the lodes gradually steepen north 
ward towards Champion and Nundydroog mines. The shallow dips along 
the lodes are found in the areas where the rocks are cross-folded and 
drag-folded. 

Folds——One remarkable structural pattern on the Champion quartz lode 
system and also on the sulfide-bearing West Reefs at many places is the 
occurrence of folds, which Pryor (17) called “zig-zags,” at intervals along 
the strike. These are of the nature of drag folds and are generally of dextral 
pattern showing an eastward right-hand shift of the lodes as one proceeds 
north. The plunge of the axes of these folds is generally northward along 
the plane of the lode except along the West Reefs of Nundydroog mine and 
in a few other places where a southerly plunge is indicated owing to 
the sinistral nature of the folds. The plunge is about 30°-40° NNW in the 
upper levels, but becomes steeper with depth to almost vertical toward 
the lower levels of the Champion mine, in conformity with the steepening 
of the dip of the lode in depth. 

The folds are mostly overturned isoclinal folds with their axial planes 
dipping to the west steeper than the dip of the lodes. They are asymmetrical 
in plan and section, composed of an anticline and a complementary syncline 
with the interconnecting steeper limb commonly sheared and sometimes faulted. 
The lodes are generally thicker and richer in gold content in the anticlinal 
noses and synclinal troughs of the folds, as well as in the interconnecting 
steeper limb. The connecting run of the lode between two such en echelon 
folds is generally long and is invariably thinner and poor in gold content 

The most important folds along the Champion lode within the present 
mine area (Fig. 7) are, from south to north, South Kempinkote, McTaggart, 
Rowse, Ribblesdale, Glens, Crockers and Hancock folds in Mysore mine, the 
Biddick folds in the lower levels of Champion mine, the Bullen’s folds in the 
old Ooregaum section of Champion mine, and the Taylor’s, Richard’s, 
Kennedy’s and Tenant’s (Cross-Reef) folds in Nundydroog mine. The 
prominent folds so far exposed along the West Reefs of Nundydroog mine 
are the main South Shaft fold on the Oriental lode and 3 or 4 minor folds on 
the McTaggart West lode between Henry Shaft and Bullen’s Shaft. There 
are also many other important folds outside the present mines, mainly along 
the southern extension of the lodes. These include the folds on Champion 
and Mundy’s lodes towards Tirlapalle along the major cross-fold axis, and 
those on the West Reefs south of McTaggart Vertical Shaft. 

The ore shoots are localized in folded areas where the lodes are thickened 
in noses and troughs of folds and are richer in gold content. In conformity 
with the en echelon pattern of the folds at intervals along the strike ore-shoots 
of different dimensions are localized at intervals on these folds: these shoots 
are offset along the strike to the right or left in an en echelon pattern depend- 
ing on the dextral or sinistral nature of folding in different places. The pre- 
dominantly dextral pattern of folds along the entire length of the Champion 
lode system throughout the mining belt has given rise to ore-shoots arranged 
in dextral en echelon pattern. This is in contrast with the sinistral en echelon 
pattern of ore-shoots along the West Reefs in Nundydroog mine where the 
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folding is of sinistral type. The pitch of the ore shoots is generally parallel 
to the plunge of the folds and is either to the north or south depending upon 


the dextral or sinistral fold on which it is localized. The pitch ranges from 


30° to almost vertical depending on the plunge of the folds and the dip 
of the lodes both along the strike and with depth. A low to moderate pitch 


of 30°-50° to NNW is common on the Champion lode in the upper levels 
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of Mysore mine; it gradually steepens to 60°-80° in depth where the shoots 
enter the Champion mine and becomes almost vertical at a depth of 10,000 feet 

The majority of the ore-shoots that have supported the mines for the 
past 75 years are on the McTaggart, Ribblesdale, Rowse, and Hancock folds 
in the Mysore mine. These ore shoots enter the Champion Reef mine in 
depth, where some of the folds converge and make up the Glen ore-shoot and 
the rich shoots in the Biddick folds towards the lower levels of the mine. 
The other smaller ore shoots are those associated with the Bullen’s folds in 
the northern part of Champion mine and the Taylor’s, Richard’s, Kennedy’s 
and Tenant’s folds in Nundydroog mine. In conformity with the lesser 
frequency and intensity of folding towards the north, the ore-shoots in Nundy 
droog mine are farther apart, smaller in size and poorer in gold values 

\ moderate pitch of 45°-50° SSW is indicated on the newly developed 
ore shoots along the Oriental lode in Nundydroog mine; this is the main 
ore shoot on the West Reef, which has been recently located after hundreds 
of thousand feet of development driving carried out on low-grade ore over 
a strike length of close to 10,000 feet and down to a depth of nearly 7,000 feet 
Minor south-pitching shoots are also being developed on folds along the 
McTaggart West lode in the top levels of this mine south of Henry Shaft 

Overlapping Lode Structures—A peculiar structural feature noticed on 
the Champion lode system in the Mysore mine and also in a few intensely 
folded areas in other mines is the occurrence of a parallel, overlapping, en 
echelon system of lodes (Fig. 8). The best example of this is seen in 
McTaggart section in the southern part of Mysore mine, where three 
parallel overlapping lodes, called Green, Red and Brown lodes, have been 
mined in the same area. The geological formation on the foot-wall of these 
lodes is the same and the lodes belong to a single identical stratigraphic 


position. As we proceed from north to south along the strike, the Green 
lode gives place to the Red lode on the hanging-wall to west, and the Red 
lode gives place to the Brown lode on the hanging-wall further to west. The 


succeeding lodes overlap along the strike for a distance of 200 to 300 feet 


and are separated across the strike by about 100 to 200 feet of schistose 
amphibolite. This en echelon overlap is also seen in depth, where the Green 
lode is overlapped by Red lode on the hanging-wall and in turn by the 
Brown lode on the hanging-wall further down. The succeeding overlaps 


are not along the dip however, but are across the plunge of the folds and 
Ids 


pitch of the shoots in an en echelon pattert \ series of fold oe the 
three lodes localize payable shoots arranged in an en echelon pattern; these 
shoots pitch at angles of 30° to 50° NNW, with the angle of pitch steepening 
gradually in depth with the steepening of the plunge of the folds 

A somewhat identical overlap pattern is also seen in the Bullen’s folds 
of Champion Reef mine, where there is a Main reef, No. 2 Branch and East 


reef in the same area. The overlapping lodes here are clearly due to folding. 

Internal Structural Features within Lodes and Ore-Shoots——The indi 
vidual lodes and ore-shoots are themselves composed of a parallel en echelon 
system of quartz veins and stringers, traversing through altered and mineral 
ized wall-rock (Fig. 9), and are somewhat identical to the ore-bearing 
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structures described by Campbell (3) in Kalgoorlie gold field in Australia. 
The best development of this is seen on the ore shoots along the .lodes, where 
the vein quartz is thickest and largest in anticlinal crests and synclinal troughs 
of folds and thins out gradually on the limbs of the folds in an en echelon 
pattern. In conformity with the general eastward shift and northerly plunge 
of dextral folds along the Champion and other quartz lodes, the en echelon 
quartz veins and stringers are shifted eastward into the foot-wall as one 


Fig- 9 
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Note 


proceeds north along the strike and westward into the hanging-wall down 
the dip. On this structural pattern, the quartz veins should be looked for 
and picked up from the eastern foot-wall side while driving north on the 
lode and on the western hanging-wall side while winzing down following the 
dip of the lode. The individual quartz veins and stringers are themselves 
elongated lenses that pitch to the north, parallel to the northerly pitch of 
the ore shoots and the northerly plunge of the folds on which they are 
localized. In contrast with the above dextral pattern on the Champion 
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quartz lode system and also on the sulfide-bearing West Reefs in the southern 
part of the field, the quartz veins within the West Reefs in the Nundydroog 
mine in the northern part of the field show a sinistral, en echelon shifting. 
During underground exploration and development, the quartz veins along 
the West Reefs should be looked for and picked up from the western hanging- 
wall side while driving north as well as while winzing down the dip following 
the lode. 

In addition to the en echelon pattern described above, the quartz veins 
are lenticular both along the strike and down the dip. The largest lenses 
of quartz are those along the anticlinal crests and synclinal troughs of the 
folds, which extend down the pitch for considerable distances. These lenses 
decrease generally in size away from the crests and troughs of folds. Instead 
of a single large lens extending for a great distance down the dip and the 
pitch, there are numerous lenses of diminishing size for increasingly shorter 
distances down the dip and pitch (Fig. 9). This is very clear in many 
sections of the mines, where the stopes are larger and longer down the 
pitch following the crests and troughs of folds, and are gradually smaller 
and shorter to the north and south of the folds. 


Structural Controls of Ore Mineralization and Their Bearing 
ner vploration for Lodes 


A critical study of the regional distribution of the lodes and ore shoots 
in Kolar gold field and their correlation with the regional structure of the 
rocks along the belt clearly indicates that the most payable ground along 
the Champion lode system, which has supported the mines over the past 
75 years, is on either side of the Mysore North Fault along the major axis 
of cross-folding. There is intense folding along the lodes in the top sections 
of the Mysore mine on either side of the Mysore North fault (namely, the 
Kempinkote, McTaggart, Ribblesdale, Rowse, Hancock and other folds). 
The rich ore-shoots that have been developed along these folds in the top 
sections of this mine converge somewhat and enter the Champion mine in 
depth and have given rise to the well-known Glen ore shoot and the rich 
shoots on the Biddick folds in the lower levels. The folds and ore shoots 
along the lode in the old Ooregaum mine and the Nundydroog mine to the 
north, away from the major axis of cross-folding, are of lesser magnitude 
and the mineralization is of lesser intensity. Present mapping has also 
indicated that the folds toward the southern extension of Mysore mine are 
also of lesser magnitude. The smaller dimensions of ancient workings and 
unsuccessful modern prospecting activity indicate that mineralization here 
would be of lesser intensity. There are some rich patches localized in folds 
toward the Balaghat North fault at the north end of Nundydroog mine, but 
these shoots have no comparison to the major ore shoots on either side of the 
Mysore North fault, which is in the immediate vicinity of the major axis 
of cross-folding. There seems to be, therefore, a gradual fading of minerali- 
zation to the north and south away from the major axis of cross-folding 
in the area. 
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In addition to the above major control of mineralization by cross-folding, 
the lodes and ore shoots have some apparent relation to the major faults of 
the field even though there is no visible mineralization along the faults them- 
selves except for narrow zones of secondary silicification and epidotization, 
which characterize most of the faults of the area. The general disposition 
of the Balaghat North fault, Tenant’s fault, Mysore North fault, Mysore 
South fault, Gifford’s fault system and other mapped faults further south 
suggest an en echelon pattern in conformity with the en echelon pattern of 
the cross-folds along which they are localized. The individual faults them- 
selves exhibit branching en echelon breaks both along the strike and down-dip 
with the fault zones showing some kind of pitch parallel to the pitch of the 
ore-shoots and plunge of the cross-folds. The only visible mineralization 
noticed along the fault is the 33 ore-shoot that is being mined in the Mysore 
mine; according to our present mapping, the intense drag-folding noticed 
within the lode in this ore-shoot seems to suggest pre-fault folding and 
introduction of quartz, the faults being localized in areas of intense folding. 
The localization of payable gold-bearing shoots, either in the vicinity of, or 
within the major faults suggests that gold mineralization is probably post- 
fault and that the faults might have acted as channelways for enriching the 
lodes with gold in their immediate vicinity. 

Mineralization is therefore localized along contacts between competent 
and less competent beds and is predominant in the vicinity of major faults in 
areas of dilation and shearing along cross-folds. The major zone of minerali- 
zation is near the major Mysore North fault along the major axis of cross- 
folding. Lesser zones of mineralization occur to the north and south for some 
distance, localized in minor en echelon cross-folds in the vicinity of other 
parallel en echelon faults. There is a general en echelon pattern of cross- 
folding, faulting and distribution of ore-shoots, which is also reflected to the 
minutest scale in the internal structural features within the individual lodes 
and ore-shoots. The above en echelon pattern in the control of cross-folds, 
faults, and accompanying ore mineralization has a great bearing in the future 
search and exploration for lodes in Kolar gold field. 


Gold Content of the Lodes and its Relation to Structure 


The general feature of the lodes in the field is that richer ore is concen- 
trated in ore-shoots localized in en echelon folds; low-grade ore makes up a 
large part along the strike of the lodes in between the folds. There is a 
gradual decrease in gold content on the Champion quartz lode system to the 
north towards old Ooregaum and Nundydroog mines and to the south towards 
the southern extension of the field, i.e., away from the major axis of cross- 
folding. The richer gold content and greater persistence of the Glen ore-shoot 
and the Biddick folds in the lower levels of the Champion mine in the central 
part of the field seem to indicate that there is enrichment of gold values 
towards the lower levels. Figure 10 is a longitudinal section showing the 
stoped areas along the Champion lode system. In contrast to the above 
feature on the Champion lode system, the gold values along the sulfide-bearing 
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West Reefs are generally poor in the Champion and Mysore mines in the cen- 
ter, but seem to show some increase towards Nundydroog mine in the 
north. Sulfide mineralization on these lodes is comparatively richer in the 
Champion mine at the center of the field. It thus appears that there is some 
kind of zoning by which gold values spread outward and upward from a 
central and deeper zone along the Champion quartz lode system, and vice 
versa on the West Reefs, where sulfide mineralization spread outward and 
upward from a central deeper zone. 

A structural analysis of the field reveals that the highly mineralized zone 
in the central part of the field is localized at the convergence between dextral 
and sinistral folds plunging north and south respectively. The East-West 
dolerite dikes that cut across the lodes at intervals throughout the field also 
show a convergence of north and south dips towards the center. Pegmatites 
increase towards the central and deeper parts of the mines. The Bisanattam 
and Patna granite plutons are also localized at the opposite ends of dextral 
and sinistral convergence. The above structural convergence seems to have 
some relation to the zoning in gold mineralization, by which there is an 
upward and outward migration of gold enrichment along the Champion quartz 
lode system and inward and probably downward enrichment of sulfides along 
the West Reefs, following some kind of funnel-shaped fracture or dilation 
system controlled by dextral-sinistral folding. 


Origin of the Lodes 


The excellent stratigraphic localization « 


f the lodes, the highly sheared 
granoblastic recrystallized (quartzitic) nature of the quartz, which is locally 
microcrystalline and horny, the parallel layering of quartz, silicates and 
sulfides, the occurrence of graphite in some of the sulfide lodes and other 
features would appear to be unequivocal evidences for syngenetic interbedded 
layers of chert and impure argillaceous and carbonaceous sediments associ- 
ated with the volcanic sequence. The presence of ore-shoots at intervals 
controlled along folds might indicate thickening of chert and associated sedi- 
ments in noses of folds and their attenuation in places along the limbs by 
flowage. However, the coarsely crystalline glassy high-temperature nature 
of the quartz, relict layering and inclusions of wall-rock material within quartz, 
the paralleled overlapping en echelon pattern of the quartz layers and their 
sudden thickening to huge masses in noses of folds, the comparatively long 
stretches of barren ground in between folds and the general localization of 
lodes on the hanging-wall of competent beds of massive and granular am- 
phibolites contradict the apparent syngenetic origin. The above features are 
strongly in favor of hydrothermal veins of quartz localized within dilation 
openings and parallel en echelon shear fractures in the vicinity of folds 
The occurrence of high-temperature pyroxene only within lodes at the im- 
mediate vicinity of quartz, symmetrical zoning of altered wall-rock around 
quartz, the highly irregular widths of the outer micaceous zone and the 
undisputed replacement structures exhibited at many places along sulfide 
lodes confirm the epigenetic nature of the lodes. Gold occurs within and at 
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the contacts of quartz, silicates and sulfides and is clearly subsequent. The 
authors are convinced about the hydrothermal origin of Kolar gold lodes 
The paragenetic sequence appears to be introduction of quartz following 
stratigraphically controlled dilation openings and shear fractures in folded 
areas, followed by metasomatic alteration of highly sheared amphibolitic 
wall-rock, introduction of sulfides in favorable zones, post-quartz faulting and 
finally introduction of gold. The presence of blue-gray glassy quartz, 
pyroxene, cummingtonite, graphite, pyrrhotite, arsenopyrite, scheelite, brown 
micaceous (biotitic) alteration and other features ascribe a high-temperature 
hypothermal character for Kolar gold lodes. 


FUTURE PROSPECTS 


A consideration of the geological structure, structural and stratigraphic 
controls, distribution of lodes and the past mining history of the field indicates 
that the most intensely mineralized ground along the major axis of cross- 
folding in the central part of the field has largely been mined out and the 
mines are now faced with lesser intensity zones of mineralization localized in 
minor cross-folds away from the enriched central zone. In spite of rich gold 
values in the deeper parts of the Champion mine at the center of the field, the 
increasing depth factor with the attendant physical problems of mining due 
to high temperature and rock pressure preclude economic mining at such a 
depth. The future of the field, therefore, appears to be in low- to medium 
grade ore. Favorable areas for future exploration should, therefore, be looked 
for in areas of intense folding to the north and south, where the ground is not 
completely explored. 
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Interpretation of Mineral Assemblages 


Given a sufficient background of experimental data, it should be possible 
to interpret the Kalgoorlie assemblages in terms of the physical and chem- 
ical conditions under which these minerals have formed. In attempting such 
an interpretation, two particular problems arise: 1) Experimental work on 
synthetic minerals is essentially a description of phases in equilibrium under 
known physical and chemical conditions. It is not legitimate to assume that 
natural mineral assemblages approach the same state of equilibrium; 2) Kal- 
goorlie ores are complex with no fewer than thirteen metallic elements 
present in the various minerals. Can valid deductions and interpretations be 
made on the basis of experiments conducted within a simple three com- 
ponent system? 

(1) Turner and Verhoogen (47) list certain criteria that may be applied 
to metamorphic mineral assemblages in order to determine whether equi 
librium, or a close approximation thereof, has been reached. If these criteria 
are satisfied, then there is good indication, though not proof, that the assem- 
blage is a stable one. Further justification of this conclusion would result 
if the natural assemblages could be reproduced experimentally under condi- 
tions believed to simulate the natural environment. The criteria are as 


follows: 
(a) If a given assemblage occurs in a sufficiently large number of specimens 


and is widespread in occurrence, it is suggestive that the assemblage 1s 
a stable one under certain conditions. 
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(b) The given assemblage should obey the phase rule; that is, the number 
of mineral phases should be strictly limited by the number of components. 

(c) The mineral assemblage, ideally, should not show any textural features 
indicative of mineral incompatibility. 

(d) The given assemblage should be reproducible experimentally under con- 
ditions that approximate those of the natural system. 


Each of these criteria will now be discussed in detail with specific refer- 
ence made to the assemblages recorded at Kalgoorlie. 


(a) The criterion of widespread occurrence was applied by Turner and 
Verhoogen to those common metamorphic mineral assemblages that were 
found to recur in rocks from various parts of the world. Because of 
the rarity of telluride minerals and the dissimilarity in bulk composition 
of the various world occurrences, the criterion is here restricted to 
frequency of occurrence within the Kalgoorlie field itself. With certain 
reservations, this seems a safe assumption. 

The following telluride assemblages at Kalgoorlie are common and 
may be found in specimen after specimen from different mines: 


Coloradoite-calaverite Coloradoite-calaverite-tetrahedrite 
Coloradoite-calaverite-petzite Sylvanite-hessite 
Coloradoite-gold Petzite-sy lvanite-hessite 


It should be emphasized that certain assemblages are rare, not for 
any physiochemical or thermodynamic reasoning, but because they repre- 
sent unusual bulk compositions or contain small amounts of accessory 
minerals. The assemblages tellurium-sylvanite and sylvanite-empressite 
are probably good examples of this, and similar reasoning applies to the 

presence of such tellurides as altaite, tetradymite, nagyagite and melonite. 
(b) The requirements of the Gibbs phase rule may be applied with its im- 

portant applications due to Goldschmidt and Korjhinsky (13). The 

familiar Gibbs phase rule P + F =C+2 may be simplified for any 
random mineral assemblage with temperature and pressure as the two 
degrees of freedom to P <C. 

Korjhinsky later extended this concept and stated that for each com- 
ponent whose activity is a variable within the system, the number of 
degrees of freedom must be reduced by one. Thus one may rewrite 
the mineralogical phase rule as P< C—M, where M = number of 
mobile components. In applying the phase rule, therefore, one may be 
able to determine whether the geologic system is “open” to any of the 
components, and if so, which components were mobile and which were 
fixed. 

To illustrate the effect of a mobile component on permitted phase 
assemblages, one may consider the 300° isotherm (Fig. 6) of the ternary 
system Au-Ag-Te. If the system is open to tellurium then one can no 
longer expect any 3-phase assemblages nor any 2-phase assemblages 
that are colinear with tellurium. The following assemblages would be 
prohibited : 
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1. All 3-phase assemblages 


2. The 2-phase assemblages 
Tellurium-calaverite Calaverite-gold 
Tellurium-empressite Empressite-hessite 
Tellurium-sylvanite Hessite-silver 


Instead, one would expect to find the assemblages: 


Calaverite-sylvanite Sylvanite-empressite 
Calaverite-petzite Petzite-hessite 
Sylvanite-petzite Gold-hessite 
Sylvanite-hessite Gold-petzite 


The close correlation between these expected and observed natural 
assemblages will shortly be pointed out. 

The common mineral assemblages at Kalgoorlie may now be analyzed 
in terms of the phase rule. As a general rule, the number of mineral 
phases is one less than the total number of component elements (at 
present the complications due to chalcopyrite and tetrahedrite may be 
neglected). Typical examples from the assemblages already described 
would be: 


Assemblage N f ymponents No. of 
Calaverite coloradoite 3 2 
Calaverite—petzite 3 2 
Coloradoite gold 3 2 
Sylvanite—petzite 3 2 
Sylvanite—empressite 3 2 
Sylvanite—hessite 3 2 
Coloradoite—gold—petzite 4 3 
Coloradoite—calaverite—petzite + 3 
Petzite—calaverite—altaite 4 3 
Coloradoite—petzite—calaverite—altaite 5 4 


There are, of course, exceptions to this generalization, e.g. the assemblage 
sylvanite-petzite-hessite is a three-component, three-phase assemblage, 
but in many cases the relationship C — P = 1 holds quite well. This 
regularity in the total number of phases suggests that the phase rule is 
obeyed. The difference of one between the number of phases and the 
number of component elements further suggests that the activity of one 
of the elements making up the above assemblages may have varied. 
The phase rule, however, tells us that one of the components may be mo- 
bile but not which one. This can only be surmised by further analysis 
of the assemblages. Unfortunately, the data do not yield an unequivocal 
solution to this problem. The abundance of free gold might suggest 
that it could not be the mobile component concerned on the grounds 
that, being free, its activity must have been at a maximum and hence 
fixed. However, the experimental work has shown that petzite, hessite, 
and calaverite are not necessarily in equilibrium with a pure gold phase, 
but rather gold containing variable amounts of silver. It is theoretically 
possible, therefore, for the activity of gold to vary and yet form the 
assemblages gold-calaverite, gold-petzite, and gold-hessite. Neverthe- 
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less it is seen that the assemblage gold-calaverite is quite rare and as the 
gold-calaverite joins are very nearly co-linear with a pure component 
there is good reason for concluding that gold is not the mobile com- 
ponent concerned. A similar argument might be developed in the case 
of silver. 

It is not possible to reason directly in dealing with mercury as a 
possible mobile component. Instead one may argue that, as mineral 
assemblages not containing coloradoite still show the same general re- 
lationship (C — P = 1) as those that do show coloradoite, we are justi- 
fied in assuming that mercury is not the component concerned. 

The assemblages to be expected on the assumption that tellurium has 
behaved as a mobile component have been listed above. If to all these 
assemblages one adds the mineral coloradoite it is found that only one 
such assemblage, viz. gold-hessite-coloradoite, has not been observed in 
the present suite of specimens. The remainder occur quite commonly 
or else in a sufficient number of specimens to be significant. A tentative 
conclusion may be reached, therefore, that tellurium has behaved as a 
mobile component within the Kalgoorlie mineralized zone and because 
of this, the number of mineral phases has been modified accordingly. 
The rarity of native tellurium as a mineral is further support for this 
conclusion. The assemblage tellurium-sylvanite is, however, an anoma- 
lous one. Its rarity of occurrence could be explained along the lines 
just outlined above or it may be simply a function of unusual bulk 
composition 

In summary, the telluride assemblages at Kalgoorlie do not disobey 
the phase rule and they provide evidence that can be interpreted as 
their having developed in a system open to tellurium. 

In applying the phase rule, so far there has been considered only 
those assemblages containing telluride minerals; the effect of tetra- 
hedrite and chalcopyrite has not been taken into account. On analyzing 
these, there is a fairly constant relationship between the number of 
phases and the number of components. Although the allotment of 
components for tetrahedrite can be a somewhat arbitrary problem, it is 
found that for those assemblages containing chalcopyrite and tetrahedrite, 
the relation C — P = 3 holds, and when both these minerals are present 
or with tetrahedrite alone, the equation becomes C —- P= 4. If one 
regards sulfur and tellurium both as mobile components, the phase rule 
still allows an extra one or two degrees of freedom. These could repre- 
sent extra compositional degrees of freedom in chalcopyrite and tetra- 
hedrite. 

It may be concluded that the telluride and the telluride tetrahedrite- 
chalcopyrite assemblages show a regularity in the number of phases that 
can, with minor exceptions, be interpreted as their obeying the phase 
rule. 

Replacement textures may be observed in certain specimens from Kal- 
goorlie. Thus pyrite, arsenopyrite, and to a lesser extent tetrahedrite 
may be replaced by calaverite and other tellurides. Likewise, there is 
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some evidence that krennerite may form at the expense of calaverite 
However, apart from reactions proceeding in the zone of oxidation and 
secondary enrichment, the primary telluride minerals in the present suite 
do not show any textures that can be interpreted unequivocally as due to 
mineral incompatibility. It is clearly recognized that this criteria is 
not a reliable one as different observers may interpret ore textures in 
many different ways. With this limitation in mind, the textural evidence 
does support the contention that the telluride mineral assemblages repre 
sent an approach to equilibrium. 

(d) If one excludes those assemblages containing elements not found within 
the ternary system Au-Ag-Te and also those containing krennerite, the 
remaining assemblages all have their exact counter-part in the synthetic 
system. The phase diagram of Figure 8 is an empirical one, drawn up 
solely on the basis of observed assemblages at Kalgoorlie. A close 
similarity between Figures 8 and 6 is apparent, though it should always 
be borne in mind that observed assemblages generally consist of two as 
compared to the three phases of the artificial system. 

In considering these four criteria and their application to the Kal 
goorlie assemblages, it seems reasonable to conclude that these assem 
blages do, in fact, represent a close approach to equilibrium under the 
conditions of their formation. The most noteworthy exception would 
be the presence of abundant krennerite, but the solution to this problem 
must await clarification of the precise relationship between krennerite 
and calaverite. 

The above conclusion, if valid, is an important one for it permits 
the application of further experimental data with a great deal more con 
fidence than hitherto, and allows thermodynamic calculations to be 
profitably made. 

(2) Consideration must yet be given, however, to the complexity of 
the natural assemblages and the effect, if any, that other elements may have 
on the equilibrium relationships so far described. 

The discussion can be simplified by stating that the common telluride 
mineral assemblages at Kalgoorlie may be represented in terms of a four- 
component system Au-Ag-Hg-Te, in which the assemblages are accompanied 
by tetrahedrite and chalcopyrite. The remaining telluride minerals do not 
occur in sufficient amount nor in a sufficiently large number of specimens to 
warrant their consideration. Chalcopyrite and tetrahedrite consist essentially 
f Cu, Fe, Sb, As, and S together with minor amounts of Zn, Pb, Ag, and 
Ni Secause the telluride minerals in the quaternary system contain Au, Ag, 
Hg, and Te only, and do not contain significant quantities of the above ele 
ments, the presence of tetrahedrite and chalcopyrite can have no effect on 
the assemblages so far described. This conclusion would not be valid if 
tetrahedrite contained appreciable amounts of silver or tellurium, but the 
analyses available reveal a maximum of 0.68% Ag and 0.05% Te. It is 
unlikely, therefore, that such a small amount of silver would affect the as- 
semblages within the quaternary system. 
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The present observations suggest that coloradoite is compatible with all 
other natural phases occurring in the Au-Ag-Te system. If it can be shown 
that mercury is absent from these natural phases, then the tellurides of gold 
and silver are unaffected, both in the nature of the assemblages and the com- 
position of the phases within any assemblage, by the presence of coloradoite. 
Calaverite, krennerite, sylvanite, petzite, and hessite from Kalgoorlie do not 
contain significant amounts of mercury, nor does the mineral coloradoite 
contain significant amounts of gold and silver. An analysis of gold from a 
gold-coloradoite assemblage does, however, yield 2 percent base metal, which 
may, in part, be mercury. With this latter limitation borne in mind it should 
be possible to use experimental work on the system Au-Ag-Te as an indicator 
of the range of P-T conditions under which the telluride mineral veins have 
formed. 

Unfortunately, no suitable geologic thermometer is available for direct 
application to the Kalgoorlie deposits. The transition from orthorhombic to 
cubic hessite, which takes place in the range 105°-145° C, is perhaps useful 
in giving an indication of lower temperature limits of crystallization, though 
the temperature would appear both too low and too variable to be a useful 
geologic thermometer. Likewise, empressite undergoes a sharp transition 
between 417°-419° C but this temperature would seem a little high for most 
telluride deposits, particularly as the high-temperature phase has never been 
reported naturally. The reaction sylvanite + hessite = petzite + empressite, 
which takes place at about 315° C, would seem to place an upper temperature 
limit on the Kalgoorlie deposit. 

The calaverite-krennerite transition, when fully investigated experimen- 
tally, should prove the most useful geothermometer because the transition 
temperature range, assuming a dimorphous relationship between the two 
minerals, appears to fall within the range of temperatures existing during the 
formation of many telluride deposits. 


Conclusions 


[It is concluded that the Kalgoorlie telluride assemblages represent a close 
approach to equilibrium. The natural assemblages agree extremely well with 
those produced in the artificial system Au-Ag-Te and form a basis for inter- 
preting assemblages from other localities. Experimental data is, however, 
still insufficient to indicate a meaningful range of temperatures and pressures 
under which the Kalgoolie tellurides have formed. Further experimental 
work, particularly on the calaverite-krennerite relationship, together with ac- 
cumulated thermodynamic data, might be expected t 
this problem. 


» throw fresh light on 


VATU KOULA 


\s a supplement to the study of tellurides from the Kalgoorlie field, a 
further suite of ore specimens was obtained from Vatukoula, a gold-silver 
telluride deposit on the island of Viti Levu in the Fijian group. 
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Gene? al Geology 


\ detailed account of the geology of the field has recently been given by 
Blatchford (3). The rocks of the Vatukoula goldfield occur in a structural 
and topographic basin, and consist of a series of basaltic flows, tuff beds and 
volcanic ash (Vatukoula Series) overlain by andesite pyroclastics and flows 
(Sambeto Series). Paleontological evidence indicates that these rocks are 
of Miocene age. Intrusive into the Vatukoula series are many andesite 
dikes averaging about ten feet in width and now, in part, propylitized. 

The orebodies occur as fissure fillings within ashbed, basalt, or andesite 
dike, the actual vein direction and attitude being controlled by the predomi- 
nant structural features of the host rock. The lodes are generally narrow 
and vughy with only a limited amount of introduced vein material. Many 
veins consist essentially of a thin outer layer of quartz and calcite inwardly 
containing pyrite, base-metal sulfides and some tellurides. Stillwell (33) 
points out that the Vatukoula deposit has many similarities to that of Cripple 
Creek, Colorado and it is thus a typical representative of Lindgren’s epi- 
thermal type. 

Previous Mineralogical Work 


Stillwell and Edwards (35) and Stillwell (33) have carried out mineralo- 
graphic studies of Vatukoula tellurides. Stillwell records five tellurium-bear- 
ing minerals—native tellurium, sylvanite, hessite, coloradoite, and melonite 
in a suite of specimens from the Emperor, Loloma, and Dolphin mines, and 
Thompson (39) noted tellurium and sylvanite in a specimen from Vatukoula. 


Present Study 


A suite of fourteen rich telluride specimens was donated by the Emperor 
Gold Mining Company. In addition, Dr. F. L. Stillwell kindly made available 
a polished surface used in his earlier work. The specimens have come from 
the Emperor and Loloma mines, although exact locations are not known in 
every case. The samples have been polished and examined under the re- 
flecting microscope and all identifications are based on X-ray powder photo- 
graphs. 

The ensuing descriptions will again tend to emphasize mineral assemblages 
rather than particular physical properties. At the conclusion of the descrip- 
tion an attempt is made to interpret recorded assemblages in terms of ex- 
perimental data and a brief comparison made with the telluride assemblages 
at Kalgoorlie. 

Descriptive Mineralogy 


Seven tellurium-bearing minerals have been observed: 


Krennerite Hessite 
Sylvanite Petzite 
Native Tellurium Coloradoite 


Empressite 
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which are accompanied by: 


Gold Tetrahedrite 
Pyrite Chalcopyrite 
Pyrrhotite Sphalerite 
Marcasite Galena 


The list includes three telluride minerals, krennerite, petzite, and empressite, 
which are new to Vatukoula. 

Krennerite—Krennerite has been observed in seven of the fifteen speci- 
mens and it is thus one of the commonest tellurides in the present suite. 
Krennerite has been found in contact with sylvanite, petzite, chalcopyrite, 
tetrahedrite and pyrite. These occur in the following associations : 

Krennerite-petzite (Fig. 15) 
Krennerite-petzite-tetrahedrite 
Krennerite-sylvanite 
Krennerite-tetrahedrite-chalcopyrite-sphalerite 
Krennerite-pyrite 


j \ ———— Observed Tie Lines 
/ —-—-—-— Inferred Tie Lines 





e fs: 
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Fic. 14. Observed tie lines in the system gold-silver-tellurium, Kalgoorlie. 
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The assemblage krennerite-petzite, well illustrated in a specimen from the 
No. 10 level Emperor Mine, appears to be a common one and entirely ana- 
logous in composition to the calaverite-petzite assemblage from Kalgoorlie, 
The petzite grains are small and tend to be irregularly distributed through 
krennerite, though they are more common in the presence of tetrahedrite and 
chalcopyrite. Small grains of sylvanite may also occur in contact with 
krennerite. 





Fic. 15. The association krennerite (white)-petzite (gray), Vatukoula. x 250. 

Fic. 16. The association sylvanite (light gray)-tellurium (white). Note 
strong reflection pleochroism and lamellar twinning of sylvanite, Vatukoula. 
x 250. 


Fic. 17. The association sylvanite (light gray)-tellurium (white), Vatukoula. 


250. 
Fic. 18. Intimate association of coloradoite (medium gray) with sylvanite 
(light gray) in the presence of tellurium (white), Vatukoula. ™ 250. 


Krennerite occurs commonly with the sulfides pyrite, tetrahedrite, chalco- 
pyrite, and sphalerite. In contact with pyrite, krennerite is obviously re- 
placing that mineral. As pointed out by Stillwell the pyrite crystals are gen- 
erally corroded by the tellurides and replacement textures are well developed. 
In contact with tetrahedrite, chalcopyrite, and sphalerite, krennerite exhibits 
only rare evidence of replacement. 
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Krennerite was not observed by Stillwell, although he does describe a 
specimen from the Cardigan lease where a creamy-white gold telluride is 
associated with gold and coloradoite. Optically, this suggested krennerite or 
calaverite, but Stillwell was unable to make the distinction. No chemical 
analyses are available. 

Sylvanite—Sylvanite has previously been described by Stillwell who 
found it to be the main gold-bearing telluride in his suite. In the present 
study it was recorded in seven of the fifteen specimens. Mineral associations 
noted are: 


Sylvanite-krennerite Sylvanite-empressite 
Sylvanite-petzite Sylvanite-hessite 
Sylvanite-tellurium (Figs. 16,17) — Sylvanite-pyrite 
Sylvanite-tellurium-coloradoite (Fig. 18) Sylvanite-chalcopyrite-tetrahedrite 


Sylvanite-tellurium-empressite 


The association sylvanite-tellurium is characteristic of Vatukoula, occurring 
in specimens from both the Loloma and Emperor mines. This pair may be 
accompanied by coloradoite (Loloma mine) or by empressite (No. 2 Level, 
Loloma mine), in each case forming a three-phase assemblage. Less com- 
monly observed are the assemblages sylvanite-hessite, sylvanite-petzite and 
sylvanite-krennerite 

Like krennerite, sylvanite may be observed in contact with pyrite, tetra 
hedrite, chalcopyrite and sphalerite though both sylvanite and native tellurium 
show a tendency to occur as discrete crystals in quartz with no associated 
sulfide minerals. The contact of pyrite with sylvanite is marked by cross- 
cutting and replacement textures. 

Chemical Composition of Sylvanite.—Stillwell lists an analysis of a syl- 
vanite crystal collected from the Loloma mine. The figures yield a Au: Ag 
atomic ratio of 1.29: 1, considerably in excess of the theoretical 1:1 ratio. 


Au 27.72 Sb 0.07 
Ag 11.74 Ni 0.05 
bl Tr 
Total 99 91 
Analyst: A. B. Edwards 
T ellurium.—Tellurium locally predominates in the present suite though 


it is, in general, subordinate to both krennerite and sylvanite. It tends to 
occur most commonly as slender, prismatic crystals embedded in quartz, 


often in contact with sylvanite. Mineral associations recorded are: 
lellurium-sylvanite Tellurium-empressite 
lellurium-sylvanite-empressite Tellurium-tetrahedrite-chalcopyrite 


Tellurium-sylvanite-coloradoite 


Tellurium has not been observed in contact with pyrite and it is only rarely 
associated with other sulfide minerals. The assemblage tellurium-sylvanite- 
empressite is a feature of a specimen from the No. 2 level Loloma mine. 
In this specimen, empressite and sylvanite occur in broad contact with the 
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tellurium forming a thin film between the two minerals. Alternatively, the 
tellurium is present as tiny grains within empressite. 

Chemical Composition of Tellurium.—Stillwell lists an analysis of tellurium 
carried out by Dr. A. B. Edwards. The results show no substitution of 
tellurium by either gold, silver, or selenium. 

Empressite.—Stillwell originally described a blue-gray silver telluride from 
Vatukoula as hessite, though it lacked the confused lamellar twinning so 
well exemplified by Kalgoorlie hessite. Stillwell noted, on this basis, the 
assemblage tellurium-sylvanite-hessite. From a consideration of the experi- 
mental work in the system Au-Ag-Te it seemed unlikely that such an as- 
semblage could occur and at the request of the writer, Dr. Stillwell kindly 
made available a polished surface of ore from the No. 2 level Loloma mine 
that contained these three minerals. An X-ray powder photograph of the 
gray telluride showed it to be empressite. Unfortunately, no further em- 
pressite could be located in the other specimens and it is not possible to 
indicate the relative amounts of these two silver tellurides. Empressite is 
to be expected, however, in the presence of native tellurium. The following 
definitive associations with empressite have been met: 


Empressite-sylvanite Empressite-tellurium-sylvanite 
Empressite-tellurium Empressite-tellurium-coloradoite 


No chemical analyses are available. 
Hessite—Hessite, though disproved in one instance, does occur at Vatu- 
koula. It was recorded in two associations: 


Hessite-sylvanite 
Hessite-gold-unknown telluride 


Hessite-sylvanite intergrowths were noted in a specimen from the No. 10 
level Emperor mine. The second assemblage, also from the Emperor mine, 
occurs as small inclusions within tetrahedrite. The gold and hessite are 
intimately associated with an unknown blue-gray telluride showing weak 
pleochroism and moderate anisotropism. 

Stillwell reports hessite associated with free gold. 

Petzite—Petzite, though not hitherto reported from Vatukoula, occurs 
in nearly all specimens containing krennerite. The mineral associations are 


Petzite-krennerite 
Petzite-sylvanite 
Petzite-krennerite-tetrahedrite 


Petzite generally occurs as small isotropic grains irregularly distributed in 
krennerite and in places in sylvanite. There is a tendency for the petzite 
grains to be more abundant in the presence of tetrahedrite 

Coloradoite-—Coloradoite was recognized by Stillwell in two specimens 
from the Cardigan lease. The following two assemblages were recorded 
from the Loloma mine: 


Coloradoite-sylvanite-tellurium 
Coloradoite-empressite-tellurium 














urs 
are 


in 
zite 


ens 


ded 











SYNTHETIC AND NATURAL PHASES IN SYSTEM Au-Ag-Te 1471 


and Stillwell found 


Coloradoite-gold-creamy-white telluride 
Coloradoite-gold 
Coloradoite-sylvanite 


Despite the four occurrences on record, coloradoite seems to be a somewhat 
rare telluride at Vatukoula, in marked contrast to its abundance at Kalgoorlie. 

Gold.—Stillwell has emphasized the rarity of free gold in the, unoxidized 
ore. Only one specimen containing free gold was observed in the present 
suite and this yielded the assemblage gold-hessite-unknown telluride.  Still- 
well reports gold with pyrite, sylvanite, hessite, and coloradoite. In sum- 
mary, free gold is known to occur at Vatukoula in two forms: 


1. As sub-microscopic gold in pyrite and arsenopyrite to the extent of 25 


ounces per ton. This feature was described by Stillwell and Edwards on 
specimens from the Dolphin East Lode. The composition of this gold was 
estimated, by analysis, to be 940 fine. 

2. As free gold associated with pyrite, hessite, coloradoite, sylvanite, and 


tetrahedrite. The composition of this gold remains unknown but Still- 
well suggests that it is more silver-rich than the sub-microscopic gold. 


Pyrite.—Pyrite is the most abundant metallic mineral at Vatukoula. 
It is widespread in both the altered country rock and in the vein fissures. 
Generally, the pyrite is fine-grained and in specimens of vuggy ore, is most 
abundant at the base of the vug. At the surface of the vug tellurides may 
be commonly present and there exists an overlapping zone in which pyrite 
and the telluride minerals are intimately associated. In this zone, replacement 
textures are characteristic and the sharp separation of the “sulfide” as distinct 
from the “telluride” zone, well shown at Kalgoorlie, is not a feature of ore 
from Vatukoula 

Tetrahedrite, may contain chalcopyrite and sphalerite, and is commonly 


associated with pyrite. Textural evidence suggests replacement of the iron 
sulfide. 

Pyrrhotite, Marcasit. Pyrrhotite was noted in a specimen from the No. 
7 Level, Emperor Mine. The pyrrhotite grains, which are undergoing 


alteration to marcasite, are not associated with the krennerite crystals of the 
veinlet. 

Tetrahedrite, Chalcopyrite, Sphalerite, Galena.—Tetrahedrite, together 
with minor chalcopyrite and rare sphalerite and galena may be associated 
with both pyrite and the telluride minerals. In association with the tellu- 
rides the association appears quite a compatible one and no textures indica- 
tive of replacement have been noted. 

Gangue Minerals——The gangue material is predominantly quartz, though 
locally that mineral may be accompanied by calcite and dolomite. At the 
base of a vug the quartz is commonly massive and contains much fine-grained 
pyrite, but at the top of the vug it tends to form euhedral crystals that may 
enclose crystalline sylvanite, krennerite, and native tellurium. Locally, quartz 
is absent and the telluride minerals are embedded in a soft clay gouge. 
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Interpretation of Mineral Assemblages 


In spite of the limited number of specimens available for study, a pre 
liminary interpretation of the Vatukoula assemblages may be attempted. It 
will be convenient to consider the telluride assemblages and to apply to them 
the various criteria of equilibrium that have been established. 

Commonness of Occurrence—In such a small group of specimens this 
criterion is not particularly adequate but we may note that the following 
assemblages seem to recur: 


Sylvanite-tellurium Krennerite-petzite 
Sylvanite-tellurium-empressite Krennerite-sylvanit 
Textural Evidence —tThe telluride minerals show no textural evidence of 


incompatibility and cross-cutting and replacement textures have not been 
found. An exception might be the thin films or marginal zones of tellurium 
found between larger grains of empressite and sylvanite. 


Te 






Observed Tie Lines 


_—_——_— oe Inferred Tie Limes 





Fic. 19. Observed tie lines in the system gold-silver-tellurium. Vatkoula. 
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Phase Rule.—In none of the telluride assemblages observed is the minera 
logical phase rule disobeyed. The assemblages are as follows: 
\ssemblage No. of components No. of phases 
Krennerit« petzite 3 2 
Krennerite—sylvanit« 3 2 
Sylvanite—tellurium 3 2 
Sylvanite—empressit« 3 2 
Sylvanite hessit« 3 2 
Sylvanite—petzite 3 2 
rellurium—empressit« 3 2 
rellurium—empressite—sylvanite 3 3 
Tellurium—sylvanite— -coloradoite 4 3 


The number of mineral phases is generally one less than the number of 
component elements but it cannot be concluded, as at Kalgoorlie, that tel- 
lurium has behaved as a mobile component, the abundance of native tellurium 
ind the existence of the assemblage tellurium-sylvanite being in contradiction 
to this. 

Experimental Data.—Figure 9 is a phase diagram of the Au-Ag-Te system 
vased on observed assemblages at Vatukoula. Apart from the presence of 
krennerite in lieu of calaverite, the diagram is identical to that of Figs. 6 
and 14, based on the experimental and Kalgoorlie assemblages respectively. 

It may be noted that the assemblage gold-sylvanite-hessite as described 
by Stillwell is anomalous and cannot be reconciled with the experimental data 


Because of the limited specimen material available, no conclusions re- 
garding the extent to which the above assemblages represent a state of 
chemical equilibrium are warranted 


DISCUSSION OF TELLURIDE LOCALITIES 


The telluride deposits of Kalgoorlie and Vatukoula differ in their min 
eralogy and geological setting. Before discussing the nature of these dif 
ferences it is of interest to relate the two localities to a somewhat broader 
framework of world-wide occurrences and to see whether they are repré 
sentative of any particular type of deposit 

\ survey of the literature reveals three basic environments in which 
telluride minerals tend to occur. 


1, Telluride mineralization occurs commonly within Tertiary volcanic rocks. 
Such volcanics are generally of basaltic or andesitic composition, they 
occur as flows, sills, or plugs and may be interbedded with tuffaceous 


and agglomeritic material. Telluride mineralization occurs in veins and 
fissures within such volcanic rocks, the veins themselves being quite vuggy 
and composed of quartz and carbonate minerals. Adjacent to the veins, 
wallrock alteration is intense with introduction of large amounts of water, 
carbon dioxide, and sulfur. Typical examples of this type of occurrence 


would be Cripple Creek (Colorado), Goldfield, Nevada (41), Nagyag and 
Sacaramb in Transylvania (11), Vatukoula and many Japanese (48) oc- 
currences. Lindgren classified such deposits as epithermal, formed under 
relatively low temperatures and pressures. 
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Mineralogically, native tellurium is abundant and free gold rare. Tel- 

lurides of metals other than gold are generally present in subordinate 
amounts only. The relative amounts of calaverite and krennerite are not 
always known but krennerite occurs exclusively at Vatukoula. From 
Cripple Creek, Tunell (pers. communication 1956) reports that much of 
the supposed calaverite is, in fact, krennerite while Helke (11), in de- 
scribing telluride ores from Transylvania, lists krennerite to the complete 
exclusion of calaverite. In all these localities, the telluride minerals are 
fine-grained but show good crystalline form. 
A second type of occurrence is that represented by the Precambrian ores 
of Kalgoorlie, Porcupine and Kirkland Lake (10) as well as many minor 
occurrences scattered throughout the Canadian and Australian shields. 
Many of these deposits occur in “greenstones” or metamorphosed volcanic 
lavas and flows, though at Kirkland Lake the tellurides occur within coarse- 
grained porphyrytic igneous rocks. Other characteristic features of the 
wallrock are the effects of low-grade retrograde metamorphism coupled 
with intense structural deformation. 

Mineralogically, native tellurium is rare and free gold abundant. Tel 

lurides of mercury, lead, copper and bismuth are generally present while 
the stable form of AuTe, is calaverite and not krennerite. Calaverite is 
greatly in excess of krennerite at Kalgoorlie, and calaverite occurs ex 
clusively at Kirkland Lake and Porcupine. In addition, Thompson (39) 
finds calaverite to be very much more abundant than krennerite in many 
minor deposits of the Canadian shield. 
A third, but unimportant type of deposit is that represented by the Hedley 
mine (British Columbia), Glassford Creek (Queensland) and the Oya 
mine, Japan. In these examples, tellurides of bismuth occur in a contact 
metamorphic deposit. 


In a generalized way, the deposits at Kalgoorlie and Vatukoula may be 


regarded as representative of the two most important types of telluride min- 


eralization. Their points of comparison are as follows: 


(a) Krennerite occurs exclusively at Vatukoula, whereas at Kalgoorlie it is 


subordinate to calaverite. 


(b) Bulk compositions of the two localities are quite distinctive. Vatukoula 


ore is characterized by an abundance of sylvanite and tellurium, rarity 
f native gold and minor amounts of base-metal tellurides. Kalgoorlie 
is noted for the extreme rarity of native tellurium, abundance of free gold 
and the comparatively large amounts of coloradoite and altaite. This 
difference in mineralogy is due partly to original variations in bulk 
composition but may also be related to the question of mobility of tel 
lurium. 


{ 


Many of the tellurides at Vatukoula occur as fine-grained euhedral 
crystals showing well developed crystal form. At Kalgoorlie the reverse 
is true and no telluride mineral has been found to show recognizable 
crystal form. The significance of this distinction is not fully understood 
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but may be related to the depth of wallrock burial at the time of mineral- 
ization and the presence or absence of open cavities wherein crystals 
were free to grow. 

(d) The evidence presented suggests that the Kalgoorlie vein system may 
have been thermodynamically “open” to tellurium while at Vatukoula 
tellurium has behaved as a fixed component. 


The differences so far outlined are doubtless due to many factors but one 
appears significant. If one accepts the conclusion that krennerite is the low- 
temperature, low-pressure polymorph of AuTe, it would seem that the deposits 
as represented by Vatukoula and Cripple Creek have formed under sig- 
nificantly lower temperatures and pressures than those of the Kalgoorlie 
type. If this be the case, the somewhat higher temperatures at Kalgoorlie 
might help to explain why there is a close approach to equilibrium at that 
deposit, or why the telluride minerals are in places of quite coarse grain size 
and lacking in crystal form and might even be related to the question of 
mobility of tellurium. At present, however, such questions must remain 
a matter of speculation 
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ABSTRACT 


The Lost River tin and tungsten deposit occurs in a buried granite 
pluton and in associated rhyolite dikes that intrude Paleozoic limestone. 
Che dikes and parts of the granite were greisenized and then argillized 
irregularly. Metallization accompanied greisenization rather than argilli 
zation, although both processes probably were closely related in time. 

Iron-zine ratios in sphalerite indicate that the ore minerals were 


deposited at a temperature between 425° C and 740° C. This temperature 

is within the range of the temperatures at which topaz, a comman associate 

of the ore minerals, has been synthesized in the laboratory. The tempera 

ture of deposition of the ore minerals is above the temperature interval in 

which clay minerals are stable. Thus, clay minerals could not have formed 
t Publication authorized by the Director, U. S. Geological Survey 
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while ore was being deposited. As temperatures fell and entered the 
stability range of the clay minerals, argillic alteration encroached upon 
ereisen ores and wall rocks. 

Reaction rims between quartz and topaz indicate that kaolinite could 


; 


have formed according to the following reaction: 


, ‘ carbonic 
topaz + iartz + water + limestone — kaolinite + fluorite + ; 
‘ ack 


Al F).SiO, + SiO + 3HO + CaCO >» ALSi20;(OH). + CaF + HeCO 


4 


The clay minerals, which formed from diverse rock types, consist of 
kaolinite, dickite, mixed-layered chlorite-montmorillonite, and minor 


montmorillonite, accompanied by variable amounts of muscovite and 
innwaldite. The dickite is most common in and near late veins that 
cut the earlier-formed greisen. 

lemperature is believed to be the principal agent governing the rela 
tions between ore deposition and argillization. Similar relations are to 
be expected in other high-temperature deposits where abundant veining 


and fracturing indicate that wall rocks reached an isothermal condition 


above a maximum temperature of 480° C during ore deposition. 


INTRODUCTION 


Tue argillized rock at Lost River mine was studied through detailed mapping 
underground and by the separation and identification in the laboratory of 
sufficient samples of clay to establish the general mineralogy of the clays. 
The results warrant discussion because of the clear-cut independence of 
argillization and metallization, and because of their bearing on questions raised 
in some of the many recent papers on hydrothermal alteration (especially 
49, 37, 30,7, 2 The relations at Lost River apparently are similar to those 
described from Cornwall-type cassiterite deposits in many parts of the world, 
and the same sequence of metallization followed by hypogene argillization 
probably is repeated at many places (especially 61). 

The main purposes of this paper are to record the time and space relations 
at Lost River and to emphasize the importance of temperature as a controlling 
factor in high-temperature alteration. In many cases cited in the literature, 
the temperature of deposition of the ores is inferred from the minerals in the 
associated argillized rocks. In too few cases has the temperature of deposition 
of the ore minerals been first determined, and the argillic products then dis- 
cussed in relation to that temperature. The writer feels that inferences 
regarding the temperature of ore deposition that are based upon the associated 
argillic alteration minerals may often rest on tenuous grounds, and may be 
analgous to offering the theorem as proof of itself. 

By use of pressure bombs, many workers have investigated in the laboratory 
the formation and stability ranges of the minerals commonly found in argillic 
alteration (41, 24, 25, 26, 18, 48, 47, 8, 40), and the results of these 
investigations are exerting a strong influence on interpretation of the processes 
of hydrothermal alteration. Recent laboratory studies that more closely 
duplicate hydrothermal systems than pressure-bomb experiments have been 
made by other workers (42, 21, 39, 25, 27). Field studies of natural springs 


Kaolinite forn i suggested by Dr. H. S. Yoder of the Geophysical Laboratory of the 
Carnegie Instit 
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have been of great value in correlating laboratory results with field interpre 
tation (14, 19, 59, 64). 

General studies correlating alteration and metallization have been made 
throughout the world, and a substantial literature on the subject has accumu 
lated. The common world-wide occurrence of types and suites of alteration 
products is apparent. Conversely, some major differences are evident, espe 
cially in the interpretation of the time relations between metallization and 
alteration, as is well shown by the papers of Sales and Meyers (49, Lovering 
et al. (37) and Tooker (60). Sales and Meyer conclude that argillization 
at Butte, Montana, developed simultaneously with ore deposition from or 
forming fluids that did not change noticeably in composition at the source 
Lovering postulates that in the East Tintic district, Utah, different argillic 
notably different composition. Tooker concludes that the argillization at 
Central City, Colorado, was premineral. 

Lindgren (35) pointed out as early as 1915 that kaolinite could not form 
above 470° C. Roy and Osborne (47) established 405° C as the upper 
stability limit for kaolinite, nacrite and dickite. The present writer believes 
that more thought should be given to the upper limiting stability range of 


phases predating ore were formed by “surges” of hydrothermal fluids of 


the clay minerals in discussions of argillic alteration associated with meso 
thermal and hypothermal ore deposits. Such deposits include the cassiterite 
type tin deposits, the pyrometasomatic deposits, and possibly the disseminated 
deposits found in the igneous rocks with which they are genetically associated, 
as, for instance, the porphyry copper deposits. 


Fic. 1 Index map of western Alaska, showing location 
of Lost River mine. 
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GEOLOGY 


Regional Geology 


lLost River mine is near the western tip of the Seward Peninsula, Alaska, 


approximately 90 miles northwesterly from Nome (Fig. 1), in the York 
Mountains. The bedrock of most of this part of the Seward Peninsula 
consists of Paleozoic limestones intruded by granite stocks and both felsic 
and mafic dikes. The Lost River deposit is at the southern margin of a 
distinct metallogenetic province where cassiterite is associated with granite 


plutons widely spaced over an area of several hundred square miles (31, 
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Fic. 2. Geologic map of Lost River mine. 


THE ORE DEPOSIT 


The deposit at Lost River is a cassiterite-wolframite deposit associated 
with a granite pluton that intrudes the limestone, and with basaltic and rhyolitic 
dikes spatially associated with the granite. The granite does not crop out, 
but is penetrated by exploratory mine openings driven from the main work 
ings, which lie along an altered rhyolite porphyry dike. The deposit that 
has been explored consists of two ore zones: a main ore shoot localized along 
a rhyolite porphyry dike, named the Cassiterite dike, near its intersection 
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with a second rhyolite porphyry dike named the Ida Bell dike; and a 
surrounding zone of low-grade ore in the granite pluton and in the veined 
and metsomatized marble overlying the granite. No dikes have been found 
in the granite, and the granite has intruded at least one of the basaltic dikes. 
The relations indicate that the dikes are pregranite. The geology at the mine 


is shown in Figure 2. 

The configuration of the main tin ore shoot is shown in Figure 3, which 
is a longitudinal projection along the Cassiterite dike. The tungsten-rich ore 
lies beneath the tin ore shoot. All the ore mined to date has come from the 
Cassiterite dike. ‘The main ore mineral is cassiterite, which is in tactite that 
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Fic. 3. Longitudinal projection, Lost River tin mine, 
showing main ore shoot. 


is localized along planes of weakness such as dike walls, in small veinlets that 
cut granite, dike, and marble, and disseminated in greisenized dike rock and 
granite. Other identified minerals are wolframite, arsenopyrite, pyrite, galena, 
ferroan sphalerite, chalcopyrite, molybdenite, stannite, bismuthinite, stibnite, 
scheelite, pyrrhotite, hematite, ilmenite, magnetite, rutile, phenacite, beryl, 
and chalcocite. These minerals are herein referred to collectively as ore 
minerals. The main gangue minerals are quartz, topaz, fluorite, tourmaline, 
zinnwaldite, muscovite, garnet, calcite, siderite, hornblende, pyroxene, plagio- 
clase, gypsum, and the various clay minerals discussed under “alteration.” 

Thus the Lost River deposit is seen to be a typical high-temperature tin 
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tungsten deposit of the Cornwall type, but with limestone wall rocks, and an 
associated argillic phase. 


Sequence of Geologic Events at Lost River 


The sequence of geologic events at Lost River is believed to be as 
follows: 

(1) Regional faulting of the Paleozoic limestone. 

(2) Injection of dikes along normal faults. 

(3) Intrusion of the granite pluton. 

(4) Renewed faulting along older faults that shattered some of the dikes, 
and possibly parts of the granite. 

(5) Intense pneumatolytic activity at temperatures above 425° C (the 
minimum temperature at which the ferroan sphalerite could have been 
deposited), with accompanying greisenization and metallization of shattered 
dikes, and parts of the granite. Veins formed along fractures in the limestone. 

(6) Continued fracturing during the pneumatolytic stage with some 
movement localized along the Cassiterite dike to form veinlets oriented 
parallel or subparallel to the dike. Greisen previously formed was cut by 
younger greisen veinlets. 

(7) Probable sealing of most fractures. 

(8) Falling temperature. 

(9) Renewed deformation to open channels that did not coincide exactly 
with those that were open during metallization. 

(10) Hydrothermal activity at low to moderate pressures, and at tempera- 
tures below an absolute maximum of 480° C (the maximum temperature 
at which a clay mineral has been reported stable (48)), with accompanying 
argillic alteration of much of the greisen, marble, and tactite without recog- 
nizable deposition of ore minerals, but with some modification of pre-existing 
sulfide minerals, particularly iron sulfides. 

(11) Renewed faulting along the normal fault occupied by the Cassiterite 
dike, and probably along other faults 

(12) Cooling. 


(13) Minor faulting along the fault occupied by the Cassiterite dike. 


ALTERATION 


Alteration at Lost River comprises two distinct types: greisenization of 
granite and rhyolite, with concomitant formation of tactite from marble, and 
complex argillic alteration. 


Greisenization 


Greisenization was most intense along the Cassiterite dike and within a 
restricted part of the granite pluton. The dike was greisenized so com- 
pletely that no fresh dike rock has been found in any of the existing mine 
openings. The dike rock that appears freshest in hand specimen resembles 
a hard gray to white quartz porphyry with disseminated sulfide minerals 








1484 C. L. SAINSBURY 











ic. 4. Photomicograph of greisen cut by younger greisen veinlet. Quartz, Q 
topaz T, cassiterite, C. Dark areas in veinlet are tourmaline. The rock is not 
argillized. Uncrossed nicols. 

Fic. 5. Photomicrographs of greisen with sulfide mineral retaining relict 
texture inherited from mica. Partly crossed nicols. Note lack of argillization. 
Pyrite, P, topaz, T, quartz, Q. 

Fic. 6. Photomicrograph of greisen showing complex sulfide replacement of 
mica. Pyrite is partly replaced by younger sulfide materials Note very faint 
irgillization. Uncrossed nicols. 

Fic. 7. Drawing from a photomicrograph of greisen showing intimate relation 
of sulfide minerals in a single thin section. Chalcopyrite, C, galena, G, arseno 
pyrite, A, rutile, R, tourmaline, TM, topaz, T, and kaolinite, K. In other sections 
ferroan sphalerite, pyrite and molybdenite are found in unargillized greisen. 


and cassiterite. Such rock consists chiefly of quartz and topaz and herein 
is called greisen although it contains less mica than the typical greisen. Some 
specimens contain a little mica, however. The modal composition of the 
greisen varies irom sample to sample, but quartz generally predominates 
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over topaz. In samples of greisen low in sulfide minerals, white mica forms 
a few percent of the rock, but as the content of sulfide minerals increases, the 
mica decreases because of its susceptibility to replacement by the sulfide 
minerals. Topaz reaches a maximum of about 40-45 percent, and is a pure 
fluorine variety, which contains 21.6 percent of fluorine as determined by 


chemical analysis.'. The greisen is cut by later veinlets of greisen, some of 
which are very rich in cassiterite (Fig. 4). Masses of such greisen are 
exposed in mine workings on the Cassiterite dike and in the underlying 
granite. The greisen in the dike was mined as ore, but even the richer 


parts of the underlying greisenized granite are of signficantly lower grade 
when minable tonnages are considered. Much of the greisen is unargillized, 
but fragments of greisen are found as relicts in completely argillized rhyolite 
or granite. 

Sulfide-bearing greisen similar to that found at Lost River is described at 
many of the world’s tin deposits (54, 29, 28, 27, 63, 62), and presumably it is 
a common rock type 

The sulfide minerals in the greisen display a crude paragenetic sequence 
beginning with early pyrite which entered the greisen initially as a replace- 
ment of mica. This early pyrite retains a “shredded” texture inherited 
from the mica it replaced (Figs. 5 and 6). Other sulfide minerals replace 
early pyrite (Fig. 7), and such second-cycle replacement often results in the 
destruction of the “shred” texture. In specimens containing a large amount 
of ore minerals (as much as several percent), all mica is replaced. Single 
specimens of unargillized greisen have heen found that contain almost all 
the ore minerals, such as pyrite, arsenopyrite, ferroan sphalerite, galena, 


chalcopyrite, rutile, magnetite, and molybdenite. All greisen contains several 
of the ore minerals. This important relation suggests that the greisen is 


pre-argillic and was metallized prior to argillic alteration, or that both 
greisen and argillized rock were pre-mineral, and the greisen was more 
suitable, physically and chemically, for replacement than argillized rock 
\bundant megascopic and microscopic evidence supports the first conclusion 
No direct evidence has been found that supports the second conclusion, and in 
fact the occurrence of disseminated grains of various ore minerals in some 
lighly argillized rock refutes it. 


Argillization 


General Distribution—The argillized rocks at Lost River display a 
complex distribution that resembles on a small scale the regional relations 
described for parts of the Cornwall deposits by Ussher, Barrow and McAlister 
(61). The Cassiterite dike was extensively argillized far beyond the limits 
of the commercial ore. At places, the limestone or tactite wall rocks along 
the dike were extensively argillized. In general, both the degree of argilliza- 
tion and the volume of argillized limestone increase near the granite, but the 
relation is not a simple one. The granite pluton also was extensively 
argillized, but in irregular fashion. Figure 8 shows the broad distribution 


1 Analysts: Paul W. Scott, Samuel D. Botts, | S. Geological Survey 
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of fresh granite, greisenized granite, and argillized rock on the lowest level of 
the mine where the pluton is intersected by mine workings. 

Figures 9 and 10 depict relations exposed by mining in the upper levels 
of the mine on the Cassiterite dike. The important feature depicted by 
Figures 9 and 10 is the independence of argillic alteration and ore-bearing 
veinlets. Certainly the evidence is clear cut that the argillized rock is not an 
alteration envelope around an ore-bearing vein. Individual veinlets such as 
shown in Figures 9 and 10 can be traced from fresh greisen through argillized 
greisen at many places in the mine. 


M vaRe 
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A vi ‘ 
Fic. 8. Generalized geologic map, 365 level, Lost River mine, 


showing distribution of alteration. 


Petrography of the Argillized Rocks——Brief descriptions are given here 
to show the development of argillization of three of the main rock types shown 
in Figures 8-10, as observed under the microscope. 

The freshest granite found at Lost River is slightly altered. The granite 
cut by the 195 crosscut west consists of a bone-white, faintly porphyritic 
granite with hypautomorphic-granular texture. Its modal composition in 
percent is quartz, 45; oligoclase, 20; orthoclase, 30; the remainder consists 
of white mica, a non-pleochroic chloritic mica of very low refringence, and 
minor fluorite, which generally is associated with mica. Some of the white 
mica is faintly pleochroic in shades of brown, suggesting that it was altered 
from biotite. Some thin sections of granite show a grain or two of tourmaline 
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and some of these sections show some disseminated ferroan sphalerite. No 
other metallic minerals are seen, and abundant assays from drill cores in this 
granite show that this freshest granite is almost barren of ore minerals, 
except where cut by veinlets. 

The freshest granite is cut by thin veinlets that occupy joints and that con- 
tain ore and gangue minerals similar to those in veins in the limestone. In- 
cipient argillization is shown by minute clots of clay minerals in the fine 


RO 
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Fic. 11. Photomicrograph of freshest granite, 195 crosscut west, 365 level. 
Note graphic texture of large quartz grains, twinned plagioclase, and abundant 
solid inclusions in all minerals. 

Fic. 12. Photomicrograph of greisen from 365 level showing incipient argil 
lization. Other minerals shown are pyrite, P, topaz, T, and quartz, Q. Note 
argillic alteration along cleavages in topaz. Partly crossed nicols. 

Fic. 13. Photomicrograph of completely argillized greisen from 365 level 
showing residual topaz, T, encased in mass of clay minerals, K. Dark areas are 
fluorite and/or sulfide minerals. Crossed nicols. 
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grained parts of the rock. The oligoclase and orthoclase, however, are 


relatively unargillized 


even though they contain abundant minute solid in 
clusions (Fig. 11) 

Greisen and partly greisenized granite and rhyolite porphyry exist in all 
stages of argillization. With moderate argillization, the rocks are converted 
to a soft to friable mass of residual mineral grains encased in clays, or a 
mixture of clays and fine-grained mica. In general, the mica in samples of 
argillized granite or greisenized granite is fine-grained muscovite, but zinn 
waldite is more common in samples of argillized rhyolite dike rock or 
greisenized dike rock 

Stages in the conversion of greisen to clay are shown in Figures 12 and 13. 
Argillization begins in the fine-grained parts, at grain boundaries, and along 
the cleavages in the topaz. With increasing argillization, both quartz and 
topaz are attacked, and the final product consists of clay minerals with a few 
scattered remnants of quartz and topaz and variable amounts of fluorite. 
The iron sulfide minerals (pyrite and pyrrhotite) generally are lacking in 
such rock, but the cassiterite, arsenopyrite, and ferroan sphalerite remain. 
Specks of limonite and limonite staining indicate that the original pyrite and 
pyrrhotite were altered to limonite 

The limestone is argillized at places to a mass of soft clay. Elsewhere, 
the limestone is hard to firm, and contains vugs lined with calcite, manga- 
niferous calcite, and/or pale green fluorite. Dolomite was identified by X-ray 
diffraction in some of the clays derived from limestone. The clays derived 
from limestone generally are darker than those derived from granite or 
greisen. Stratified clay seams and slump features are apparent locally in clays 
derived from limestone, and probably indicate solution stoping. 

It is particularly noteworthy that myriad ore-bearing veinlets cut the 
marble exposed by mine openings, but that a great many of these veinlets do 
not contain clay minerals, again offering confirmatory evidence that the 
argillic alteration is not a halo about veins. Other veins do contain clay 
minerals, but evidence is presented later in this paper to show that such 
veins probably mark channels that were opened recurrently during both 
metallization and argillization. 

Clay mineralogy.—-Clay minerals were separated from 38 samples taken 
from mine openings and diamond drill cores that explored the granite. The 
clay minerals were identified by X-ray diffractometer after suitable treatment. 
Twenty-seven of the samples were separated and identified by John C. 
Hathaway and Carol C. Parker, and 11 were separated and identified by 
the writer. 

The clay mineralogy is moderately complex. A regularly mixed-layered 
chlorite-montmorillonite occurs in 31 of 38 samples which represent altered 
limestone, granite, greisen, and probably tactite. Montmorillonite was 
identified in four samples. Hathaway and Parker state that the mixed 
layered clay is chlorite and montmorillonite interlayered in 1:1 ratio. Such 
regularly interstratified clay has resisted attempts at synthesis, and is believed 
to represent alteration of chlorite or trioctahedral mica (46). 

Kaolinite and/or dickite was identified in every sample, and forms the 
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Fic. 15. Diffractometer patterns of oriented, treated kaolinite 
and mixed-layered chlorite-montmorillonite. 
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bulk of the clays. Dickite was identified positively in 14 samples representing 
argillized dike rock or greisen, limestone, and granite. It was also identified 
in a clay veinlet in limestone. 

Diffractometer patterns of the clays are shown in Figures 14 and 15. 
The peak shown at 3.77 A on the dickite pattern is the main one that differenti- 
ates dickite from kaolinite. The curves for the mixed-layered chlorite- 
montmorillonite are similar to those reported by Earley, Brindley, McVeagh, 
and Vanden Huevel (15). 


Chemical Changes During Alteration 


Chemical analyses were made of 13 rocks from the Lost River mine by 
P. L. D. Elmore, K. E. White, and S. D. Botts of the U. S. Geologica 
Survey, using the rapid method (32). Fluorine was determined separately 
Although chemical analyses that would have detected the minor constituents 
such as lead, zinc, tin, tungsten, and molybdenum would have been useful, 
the rapid analyses are believed to be sufficiently accurate to detect the major 
chemical changes that took place during greisenization and argillization. The 
analytical results are shown in Table 1, and the composition of 100 cc of 
rock is shown in Table 2. The gains and losses are shown graphically in 
Figures 16-19. 

The method of computation used in these tables involves the conversion of 
weight percent of constituents to the composition of 100 cc of rock through 
the use of bulk density (44). This method has inherent weaknesses, as 
pointed out by Poldervaart (44) and others, the major objection being that 
it assumes a constant volume during metasomatism. Cooper (11) recently 
has shown the feasibility of determining volume changes, however, where 
dependable thickness measurements can be obtained. Accurate information 
on volumetric change was not obtained at Lost River. Barth (4) has pro- 
posed an alternative scheme, which assumes a constant number of oxygen ions. 
Discussions by Brajnikov (5), Perrin (43), Eskola (17), and others 
show that no petrologic calculation can be made that is free of potential error. 
The evidence at Lost River indicates little volume change in the granite and 
dike rocks, but appreciable volume changes in the limestone, at least locally. 
The volume changes cannot be quantitatively assessed, however. The results 
shown in Figures 17-19 are based upon chemical changes in the granite, and 
are believed to represent real changes. It should be pointed out, however, 
that the slopes of the curves could be manipulated substantially by alternative 
calculations, e.g., the exclusion of water, sulfur, or fluorine. Figures 16 shows 
the positions of the analyzed rocks with respect to fresh granite, high-topaz 
greisen, and completely argillized granite. 

Chemical Changes During Greisenization.—Figure 17 depicts the chemical 
changes during conversion of granite to greisen containing progressively 
greater amounts of topaz. The underlined numbers below the vertical lines 
show the approximate amount of topaz in the rock. The rocks lie along the 
line between fresh granite and greisen that contains progressively larger 
amounts of topaz, as shown in Figure 16. 
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TABLE 2 
COMPOSITION OF 100 cc oF Rocks, Lost RIVER MINI 
Oxide 1 ] + 5 6 7 s 9 10 
SiO 195.535 06.250 194.180 194.863 185.380 184.080 172.560 206.152 170.400 110.453 
ALO 35.193 38.500 45.260 54.444 51.150 39.780 34.080 46.136 30.720 42.749 
FeO 620 1.3 000 000 000 2.600 0 1.460 720 2.387 
FeO 1.446 §.775 592 6.248 14.260 4.160 4.080 3.212 6.240 1.845 
Me 491 1.100 1.964 536 $7 YRS » 400 4.380 5.040 0.181 
CaQd 1.6 1.073 818 10.115 950 1.612 1.968 » 160 » 352 > 604 
Na &.956 3.0 876 148 124 5.980 1.032 175 S88 R25 
kK”) 12.135 « ) 175 053 186 15.340 11.040 4.964 2.640 1.649 
rio 052 5 O58 OOo 186 O52 O48 030 O48 043 
PO) 0 OS 030 062 026 O24 OOUO 024 000 
MnO 84 1.26 350 476 341 624 1.176 4.088 816 347 
HO 4.071 1.400 6.716 4.165 1.891 4.160 8.400 12.264 17.280 30.597 
CO 181 $3 263 238 3.720 208 774 2.628 624 347 
FeS 0.148 9.223 35.030 
I 1.420 5.88 9.578 23.562 16.306 3.562 4.656 7.125 2.688 2.387 
Sun 60.961 | 2 338 91.036 | 306.101 309.938 | 262.172 | 242.928 | 294.774 | 240.481 | 216.414 
Less O =I 594 » 475 4.088 9.818 6.820 1.508 1.968 2.920 1.128 998 
Corr. Sun 160.367 274.863 286.948 | 296.283 | 303.118 | 261.664! 240.960 291.854 239.353 | 215.416 


1e analyses show significant changes. The oxides of potassium and 
sodium are removed rapidly with greisenization, reflecting the destruction of 
orthoclase and plagioclase feldspar, or its conversion to topaz, without fixation 
of K,O and Na,O in new minerals in the greisen. Silica rises sharply with 
initial greisenization (e.g., low-topaz greisen), and falls steadily as more topaz 
forms, as would be expected. The downward break in the silica curve coin- 
cides with the upward break in the curve for iron sulfide, which apparently 


marks the beginning of metallization 


Alumina and fluorine rise steadily 
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as a direct consequence of the formation of high-alumina topaz at the expense 
of feldspars. Total iron, not shown as an individual line on the diagrams, 
increases through greisenization. The changes in the oxides of calcium, 
magnesium, and ferric iron are not large enough to be considered diagnostic, 
but trends probably are reflected. 

Chemical changes involved in greisenization of granite near various tin 
deposits have been discussed by Vogt (62), Dalmer (13), and Cotton (12); 
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Fic. 17. Chemical changes during greisenization, 
their results were summarized by Ferguson and Bateman (20). The chemical 


changes in converting granite at Lost River to greisen are compatible with 
changes observed elsewhere in regard to loss of the oxides of potassium and 
sodium, and gain of iron and fluorine. Alumina and silica, however, can be 
expected to show variable degrees of change depending entirely upon the role 
of topaz and mica in a greisen. In any greisen with a high percentage of topaz 
and a low percentage of mica formed at the expense of feldspar in a granite, 
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alumina will increase and silica will decrease, for conversion ‘of feldspar to 
topaz involves gain of alumina and decrease of silica. This is shown in 
Figure 17. Lindgren (36) pointed out in 1901 that greisenization does not 
necessarily imply addition of silica, which is borne out by the present study. 
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Fic. 18. Chemical changes in argillization of partly greisenized granite. 


Chemical Changes During Argillization—The chemical changes involved 
in argillization of partly greisenized granite are shown in Figure 18, and in 
argillization of ungreisenized granite in Figure 19. The curves exhibit strong 
resemblances to those of Figure 17 for the oxides of potassium, sodium, and 
silicon. Silica is leached more strongly during argillization. Water increases 
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Fic. 19. Chemical changes in argillization of ungreisenized granite 
to faintly greisenized granite. 


because of the hydrated clay minerals. The increase of magnesia probably 
reflects trapping of magnesium ions, derived from the limestone into which 
the granite is intruded, by the mixed-layered chlorite-montmorillonite or in 
the dolomite associated with some of the argillized granite. The absence o 


sulfur in argillized granite which was not strongly greisenized previously is 
notable (Table 1, Fig. 19), and offers confirmatory evidence that metallization 
and argillization were not contemporaneous. The final column in Figure 18 
shows the chemical changes that would be required to convert completely 
argillized granite to greisen with a large percentage of topaz. 
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The curves depicting chemical changes show that the oxides of potassium, 
sodium, and silicon behaved similarly during changes that would seem to 
reflect a substantial change in the fluids. For instance, the fluids responsible 
for metallization must have carried considerable fluorine and sulfur, yet silica 
and the alkali oxides behaved the same as during the argillic phase of alteration 
when fluorine and sulfur presumably were considerably reduced. The be- 
havior of silica and the oxides of potassium and sodium would suggest con 
tinued acid leaching, probably by carbonic acid, as Lemberg (34) has shown 
that topaz, normally a very resistant mineral, breaks down rapidly in carbonic 
acid. 


DISCUSSION 
Hypogene Origin of Clays 


The main thesis of this paper, that argillization at Lost River is hypogene 
and postmineral, depends in large measure on the factors that establish the 
argillization as hypogene rather than supergene. Consequently, it is necessary 
to present that evidence here. The main points are: 

(1) Supergene oxidation of sulfides at Lost River is slight even at the 
surface. Abundant primary sulfide minerals including pyrite and arseno- 
pyrite are found at the surface in the Cassiterite dike and in myriad veinlets. 
Oxidation products of the ore minerals are known only in minor amounts. 

(2) Weathering at Lost River is accomplished principally by frost action. 
Frost-riven fragments of dike rock containing fresh pyrite can be found at 
the surface. 

(3) The argillized parts of the dikes are spatially associated with the 
parts that contain hypogene minerals, such as topaz, whereas pyrite is wide- 
spread in the dikes. 

(4) The mine is within and beneath the permafrost, and the lower levels 
of the mine are at least 200 feet below the water table. The York Mountains 
were glaciated, and uplifted during the Pleistocene and Recent epochs (58), 
from which it is concluded that the deposit was continuously beneath the water 
table during any warm periods since late Pliocene. No evidence has been 
found to indicate that pre-Pleistocene weathering has survived to the present 
in the York Mountains. 

(5) The amount of clay increases near the granite, which is below the 
water table in the lowest level of the mine. Sulfide minerals, however, are 
abundant throughout the mine. 

(6) The large masses of clay in and near the granite are capped by marble 
and tactite, containing notable amounts of pyrite and other sulfide minerals, 
yet the tactite is not argillized except where cut by clay veinlets. 

(7) Dickite is found throughout the mine, and dickite generally is believed 
to be most commonly a product of hydrothermal alteration (21). 

(8) The breakdown of topaz suggests hydrothermal action by carbonic 
acid, as found by Lemberg (34), and supported by Povarennykh (45). 

These eight facts seem to the writer to rule out a supergene origin for 
the clays. 
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Megascopic Evidence for Post-mineral Age of Clays 


The post-mineral age of the clays is shown by petrographic evidence already 
presented. However, features of much larger scale were used initially to 
show a post-mineral age for the clays, and offer conclusive proof. Some of 
these megascopic features are : 

(1) Veins and veinlets with no argillic envelope which transgress lithologic 
facies that grade from hard, gray sulfide-bearing greisen through partly argil- 
lized greisen to completely argillized greisen (Figs. 9, 10). Many of these 
veinlets contain topaz, mica and ore minerals, and the silicate mimerals in the 
vein are fresh in the fresh greisen, and argillized in the argillized greisen, 
showing that argillization advanced “endwise” on the vein, or upward on 
certain parts of the vein only. 





Fic. 20. Photograph of solid kaolinite, K, developing in the Cassiterite dike, 
No. 3 adit level. Note small, thin veinlets, V, along joints in lower left. Veinlets 
with diffuse outline but with same orientation are retained in clay as relict 
structures, RV, in solid clay. Veinlets are approximately 2-inch wide. 


(2) Completely argillized dike rock has been found with relict veinlets 
containing cassiterite, arsenopyrite, ferroan sphalerite, wolframite and fluorite. 
The veins are oriented the same as those found in adjoining unargillized rock 
that contain mica, topaz, quartz, and tourmaline in addition (Fig. 20). 

(3) Ore minerals are lacking in much of the granite that is highly argil- 
lized, yet ore minerals are everywhere found in unaltered greisen or in 
argillized rock containing residual topaz. 

(4) Large volumes of the Cassiterite dike, the granite, and the limestone 
near the granite, consist almost entirely of massive clays that contain cassiterite 
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in economic amounts. The solid white clay at the east end of No. 1 adit 
(Fig. 9) contains an average of 2.5 percent of tin that occurs disseminated in 
the clay. This argillized rock grades laterally into greisen containing tin in 
similar amounts but with abundant sulfide ore minerals. Such relations clearly 
show that the argillic alteration is later than cassiterite and greisenization. 

(5) Small fragments of slightly argillized greisen are found isolated in 
solid clay, a relation that is common in the clay pits of Cornwall (61), where 
kaolinization is now considered to be hypogene (28, 6, 27). This relation 
can be explained reasonably only by assuming that the greisen fragments 
are residual. The residual greisen fragments at Lost River contain cassiterite 
and sulfide ore minerals, which shows clearly that cassiterite and sulfides 
predated argillic. alteration. 

(6) Veins with a center “rib” of fluorite encased in clay are found in 
limestone in many parts of the mine. Fluorite has spread into the walls 
beyond the clay. The center rib of fluorite is cut by clay-filled fractures. In 
near proximity are other fluorite veins with unargillized walls, again indicating 
some type of disparity between veins and argillic alteration. 

(7) Some veins in limestone have clay-fluorite centers and walls of 
banded tourmaline-fluorite-sulfide rock, but are rare. Small clay veinlets 
branch from the centers of the veins and crosscut the banded walls. The clay 
is a mixture of mixed-layered chlorite-montmorillonite and kaolinite. The clay 
in such veins obviously is later than the tourmaline and the ore minerals. 

The veins described under 6 and 7 above are believed to represent older 
veins that were reopened during the argillic phase of alteration, or that 
remained open until temperatures dropped to the point where clay minerals 
were stable. 


Temperatures During Metallization and Argillization 


Temperatures Deduced from Ore Minerals and Greisen—Direct evidence 
of the actual temperature of ore deposition at Lost River is found from the 
iron-zinc ratios in sphalerite, according to Kullerud’s method (33). The 
brilliant-black ferroan sphalerite is very common in the granite and in 
veinlets in the Cassiterite dike. R. G. Coleman, of the U. S. Geological 
Survey, reports an iron content of 11.7 weight percent in a sample of a 
single large and pure crystal that came from the 365 level. Semiquantitative 
spectographic analyses of two other specimens of single pure crystals showed 
iron in the range of 10-15 percent. The minimum temperature of deposition 
of the sphalerite, according to Kullerud’s curves, is about 425° C, with a 
maximum temperature that could range up to 740° C. Abundant pyrite is 
associated with the sphalerite, but pyrrhotite is rarer, being found in quantity 
only in sulfide concentrates from the cleaner circuit in the mill flotation plant. 
Thus, in the absence of dependable data showing coexistence of sphalerite and 
pyrrhotite, the maximum temperature of deposition cannot be stated certainly. 
The minimum temperature of deposition, however, may be taken as 425° C 
without pressure correction. 

Deductive evidence of the temperature of ore deposition is gained from a 
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consideration of the stability range of topaz, the ubiquitous associate of ore 
in greisen at Lost River. Topaz has been synthesized by Daubrée (14), Coes 
(10), and Michel-Lévy and Wyart (38); Daubrée by the action of steam 
on tin fluoride, and the other two by use of the autoclave. Coes reports a 
temperature of formation that ranges between 600—900° C, and Michel-Lévy 
and Wyart report synthesis at 500° C and a pressure of 4,000 kg/em®. At 
#55° C no topaz formed. 

Tourmaline is found sparingly at Lost River in the Cassiterite dike, and 


in veinlets in the marble. It is less abundant in the granite, but it has been 
found. Tourmaline has been synthesized by Frondel, Hurlbut and Collette 
(22), and by Smith (56), at temperatures between 400—500° C, although 
neither state the upper stability range. Smith suggests a relatively restricted 
pH range for the tourmaline he synthesized, generally on the alkaline side 
but carrying over into the mildly acid range with increasing water. However, 


tourmaline grows authigenically (59), and therefore cannot be used as a 
decisive temperature indicator, although laboratory experiments suggest its 
hydrothermal formation would require a temperature of 400—-500° C 

Cassiterite is of little value in determining the temperature of ore depo- 
sition, owing to the wide range in its temperature of formation, from 
surface water (wood tin) to typical tin-tungsten veins of hypothermal origin 
(3). Cassiterite has been synthesized by Smith (56) from room tempera 
tures to 450° C, but the upper stability range was not determined 

From the direct and deductive evidence, it is believed that the temperature 
during greisenization and introduction of the ore minerals was at least 425° C, 
and probably was not below 500° C, the minimum temperature reported for 
formation of topaz. The maximum temperature of deposition could reach 
740° C. 

Temperatures Deduced from Clay Minerals——Clay minerals have been 
synthesized in the laboratory by numerous workers. One fact of paramount 
importance to this paper, which emerges from experimental data, is_ the 
relatively constant upper stability limit of any clay mineral in the various 
systems studied, a limit that falls between 400 and 480° C. Roy and Osborne 
(47) report that kaolinite, halloysite, nacrite, and dickite decompose at 405° C, 
and 10,000 psi water pressure, and aluminum montmorillonite at 420° C 
Varying the water pressure from 2,500 to 25,000 psi did not alter the decom- 
position temperature more than 10 degrees. Roy and Roy (48) showed that 
in a system containing magnesium, montmorillonite appeared at 480° C. 
downward. Noll (41) in pressure bomb runs at 500° C. found pyrophyllite 
to be the stable phase, whereas some kaolinite formed at 400° C. Sand, Roy, 
and Osborn (50) show a maximum decomposition temperature of 450° C 
for sodium-montmorillonite. 

From the above it is seen that the stability ranges of the minerals formed 
during greisenization and metallization, particularly topaz, are either above 
or in the uppermost part of the stability range of the clay minerals. The 
conclusion based upon mapping—that the metallization preceded the 
argillization—is completely compatible with laboratory data. The literature 
demonstrates great complexity of mineral assemblages with differing chemical 
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environments such as pH (H* ion concentration), K* concentration, etc., but 
irrespective of chemical environment, no clay minerals were ever formed in 
laboratory experiments above the temperature limits quoted above. The 
writer believes that this fact has not received its proper consideration by many 
writers who discuss argillic alteration. Ores: deposited even in the tempera- 
ture range between 350-400° C may be expected to show complexity of asso- 
ciated argillic alteration products that may be a direct consequence of tempera- 
ture differences rather than of changes in the mineralizing fluids. 
Temperatures of Deposition of Tin Ores——Smith (54) tested samples of 
Cornish ore by use of the decrepitation method, and found a temperature of 
formation in the range 265°-390° when corrected to a depth of burial of 
two miles. On this basis, Smith questions the existence of all pneumatolytic 
deposits. Hosking (27) apparently accepts Smith’s conclusions as valid for 
the entire Cornwall district. In view of the indicated temperature of depo- 
sition of the Lost River ores, a supercritical gaseous phase is indicated, even 


though this gas may have been dense. 


The writer thinks that the temperature of formation of cassiterite and 
other minerals from the Cornwall district as reported by Smith probably are 
in error, and should not be considered as representative of the temperatures 
of formation of deposits of cassiterite in greisens. The Lost River deposit 
is typical of deposits known the world over, and the temperature of deposition 
at Lost River undoubtedly was above that reported by Smith for the Cornwall 
deposits. The writer’s investigations support the opinion long held by 
geologists that the tin deposits associated with granite plutons are formed at 
very high temperatures in the range of the “pneumatolytic” stage. The 
temperatures stated by Ahlfeld (1) for the deposition of the Uncia-Llallagua 
deposits in Bolivia seem realistic. Ahlfeld describes the following stages: 
(1) a high temperature, pneumatolytic phase with introduction of cassiterite 
and tourmaline; (2) an intermediate phase at a temperature of over 400° C, 
and (3) a hydrothermal, low-temperature phase. The Lost River deposit 
would fall into Ahlfeld’s initial high-temperature, pneumatolytic phase. 

Edwards and Lyon (16) have determined the temperature of deposition 
of sphalerite at the Aberfoyle tin mine, Tasmania. They record a tempera 
ture of deposition of “about 600° C.” The relations they describe between 
ore minerals are very similar to those at Lost River, with cassiterite and 
wolframite preceding the sulfides. They do not record argillic alteration 
associated with the ore deposits. 


CHEMISTRY OF SOLUTIONS DURING ARGILLIC ALTERATION 


A complete discussion of the chemistry of the solutions that argillized the 
rock at Lost River is beyond both the scope of this paper and the writer’s 
competence. A few remarks, however, seem in order owing to the fact 
that topaz in large amounts was altered to clay. 

Many writers have suggested that an acid environment contributes to the 
formation of kaolinite (23, 26, 30); Smith (54) synthesized cassiterite from 
alkaline solutions, and concluded that cassiterite possibly is deposited from 
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acid gaseous solutions in near-surface environments and from alkaline 
solutions under deep-seated conditions. 

The work of Lemberg (34) and Povarennykh (45) that demonstrates 
the instability of topaz in hypogene solutions containing carbonic acid or 
Ca** ion may help explain the destruction of topaz at Lost River and thus 
give information on the alkaline-acid relations. During greisenization and 
metallization, a supercritical phase was involved, which was high in fluorine, 
but low in Ca** ion. As temperatures fell, a hydrothermal phase developed 
that was richer in carbonic acid. The topaz, normally a very resistant 
mineral, formed during the initial acid stage, but broke down rapidly in the 
carbonic acid environment, thus hastening the argillization of the greisen, 
according to the equation shown below: 


. carbonic 
topaz + quartz + water + limestone — kaolinite + fluorite + id 
acia 


ALF)2SiO, + SiO + 3H20 + CaCO > AloSix0;(OH)4! + CaF + HeCO 


Silica Behavior —The behavior of silica is noteworthy, for silica declined 
through greisenization and argillization. Obviously the mineralizing fluids 
could not have been saturated in silica, and the quartz veins seen on the 
surface (Fig. 2) could have received their quartz from the alteration of the 
wall rocks below rather than from a magmatic silica-bearing fluid. Knopf 
(32) suggested such an origin for the silica in the veins of the Mother Lode 
system in California. 

Quartz veins are relatively scarce in the underground workings at Lost 
River. Only two veins in which the gangue is predominantly quartz were 
found, one on the No. 1 level that contained cassiterite, arsenopyrite, and 
other sulfide minerals, and one on the 365-level containing arsenopyrite, 
wolframite, and cassiterite plus minor other minerals. On the surface, how- 
ever, quartz veinlets are relatively common, many of them being very rich 
in cassiterite (P. L. Killeen, personal communication). This distribution of 
quartz veins may reflect transition to pegmatite type of mineralization by a 
hydrothermal phase at some distance away from a gaseous phase which was 
above the critical temperature of water. 

During argillization large amounts of silica were removed from greisen 
and granite. This gave rise to an interesting relationship in which a quartz 
vein containing cassiterite, wolframite and arsenopyrite that cuts greisen can 
be traced into moderately argillized rocks (vein A in Fig. 9). In this case, 
if only the section of the vein in the argillized rock were disclosed by mine 
workings, the quartz vein would appear to be later than the argillic alteration 
because of its apparent crosscutting relation. The quartz vein persisted in 
the argillized rock because of its quartz gangue, which could not be com- 
pletely removed during argillic alteration. In considering highly argillized 
rocks, this writer would have reservations in assigning a post-argillic or 
even a contemporaneous age to quartz veinlets enclosed totally in such 
argillized rock. Quartz veins certainly persisted well in the argillized rock 

1 Kaolinite formula as suggested by Dr. H. S. Yoder of the Geophysical Laboratory of the 
Carnegie Institute. 
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at Lost River. Schwartz (51) shows a photograph of an argillized rock 
from Morenci pit, Arizona, in which quartz veins apparently cut a highly 
argillized rock. If this specimen had come from the Lost River mine, the 
quartz vein would be pre-argillic. Kerr (30) describes alteration at Santa 
Rita, New Mexico, in which “late” quartz veins cut highly argillized rock. 
The writer finds it difficult to imagine how a rock consisting essentially of 
solid clay presumably saturated with water at high temperature can be 
fractured and veined with quartz veins. If kaolinization were being effected 
at the same time, the solutions that were filling the quartz vein would simul- 
taneously be abstracting silica from the wall rock being argillized. At Lost 
River, pervasive argillization invaded veined rock, and in two places left 
older quartz veins that contained ore minerals as relicts in the argillized rock. 


CONCLUSIONS 


1. Cassiterite at Lost River was deposited concomitantly with topaz, 
which indicates a temperature of deposition of at least 500° C. Ferroan 
sphalerite was deposited above a temperature of 425° C. These temperatures 
are within the range of temperatures measured at fumaroles depositing 
metals (9). 

2. Argillic alteration, although closely related in time to ore deposition, 
was not directly related to ore, but rather to falling temperature. This con- 
cept is by no means new insofar as general thought is concerned, but the 
writer feels that it is worthwhile emphasizing the role of temperature in 
regulating argillic alteration associated with ore deposits. There is need 
for more information of actual temperature of deposition of ore with associated 
argillic alteration, by use of geologic thermometry, before the time relations 
between argillic alteration and mineralization can be stated with any degree 
of certainty. 

3. Argillic alteration at Lost River cannot be used as a guide to the 
immediate proximity of ore, although it remains a useful regional criteria. 
Certainly widespread argillic alteration should be a very encouraging sign in 
this region, for it may point to a previous, higher-temperature cassiterite- 
depositing phase, but exploration of highly argillized areas may not necessarily 
outline ore. 
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ABSTRACT 


In 1955 exploration for base and precious metals was undertaken by 
Bear Creek Mining Company immediately north of the Main Tintic dis 
trict, Utah. During the course of this work Bear Creek became interested 
in the East Tintic district, primarily as a result of the activities of the 
U. S. Geological Survey in that area. Data published on the East Tinti 
district by the Survey and others were studied and map data made avail 
able from various mining companies were compiled. Preliminary eco 
nomic studies were made to determine the present day value of the type 
of ore body discovered previously in the district. Encouraging results 
from these investigations led to the selection of specific targets for ex 
ploration. Recommendations for a project program were made and 
approved. Negotiations were successfully concluded in mid-1956 for a 
unit lease agreement on lands in the East Tintic district owned by the 
lintic Standard and Chief Consolidated mining companies and _ thei 
subsidiaries. 

Of the targets selected for exploration, the Chief Oxide area seemed 
to be one of the most prominent. Our preliminary work in the Chief 
Oxide area corroborated the findings of the U. S. Geological Survey de 
scribed in Part I of this paper. After careful consideration it was de 
cided to gamble the cost of an exploration shaft in this area for the purpose 
of providing an underground drilling platform. We also hoped by means 
f underground workings to establish the existence and nature of the 
postulated fault. 

A limited amount of surface drilling was done prior to shaft sinking 
in order to locate a shaft site and also to obtain additional information 
of subvoleanic structure and alteration. 

Underground exploration in the Chief Oxide area was started in Jan 
uary, 1957. The Burgin shaft was sunk to a depth of 1,100 feet and by 
August, 1959, lateral development on the 1050 level totaled 4,721 feet 
and underground diamond drilling totaled 15,480 feet. 

Results of the work done to date are as follows: 


(a) Identification of the sedimentary rock section and an interpretation 
of the structure in the Burgin mine area. 

(b) Discovery by penetration of the previously postulated East Tintic 
thrust fault. 
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(c) Discovery of large zones of manganese oxides and carbonates, which 
were found to be closely related to silver-lead-zinc mineralization. 
(d) Discovery of ore-grade lead-zinc mineralization within the footwall 

rocks of the East Tintic thrust. 
(e) Discovery of high-grade silver-lead ore within the thrust zone. 


Insofar as ore localization is concerned the most important structural 


feature in the Burgin mine area is the East Tintic thrust fault—a fact 
that opens up new ore potential over a large part of the East Tintic district 
not previously explored 


Although the discoveries to date must be attributed essentially to the 
application of geology to exploration, the tools of geochemical prospecting 
and geophysics were also used, and the geochemical work, in particular, 
was found to be a definite aid in the selection of areas for further 


exploration. 
INTRODUCTION AND ACKNOWLEDGMENTS 


THe decision by the Bear Creek Mining Company to explore the Chief 
Oxide area of the East Tintic mining district was based principally on the 
results of the geologic studies and exploration activities of the U. S. Geo 
logical Survey described in Part I of this paper. This work had established 
the Chief Oxide area as geologically favorable for the occurrence of concealed 
ore bodies, but much work remained to be done before the economic potential 
of the area could be established within the framework of a privately financed 
mining exploration company. This second phase of the exploration effort, 
consisted of a careful review of all previous geologic studies and exploration 
activities, additional geologic, geophysical, and geochemical investigations, 
diamond drilling from the surface, the sinking of a deep exploration shaft, 
the driving of many hundreds of feet of crosscuts and drifts, and the drilling 
of many thousands of feet of drill holes from underground stations. It was 
carried out in an atmosphere of congenial cooperation between our company, 
the Geological Survey, and the principal property holders in the East Tintic 
district 

The East Tintic project was formally presented to the management of 
the Bear Creek Mining Company by Ray Gilbert and Douglas Cook in De- 
cember, 1955. Gilbert had replaced William Burgin, who died tragically in 
the crash of a commercial airplane in October, 1955. Mr. Burgin, who was 
District Geologist for the Rocky Mountain District of Bear Creek, provided 
much enthusiasm for the East Tintic project when it was first considered, 
and it is in his memory that the Burgin shaft is named. During the be- 
ginning stages the East Tintic project was under the direct supervision of 
Douglas Cook, but from late 1956 to the present it has been supervised by 
John Bush 

The members of the East Tintic project of the Geological Survey, par 
ticularly T. S. Lovering and Hal T. Morris, cooperated closely in many 
phases of Bear Creek’s field activities, and through this cooperation a strong 
hond of mutual respect and warm friendship has developed between us. 

The principal property holders in the East Tintic district have been no 
less cooperative, and special acknowledgment must be made to Milton Payne 
of the Tintic Standard Mining Company, and to C. A. Fitch, Sr., C. A. 
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Fitch, Jr., of the Chief Consolidated Mining Company, and Max Evans, 
Geologist, formerly with this company, all of whom did everything in their 
power to further our studies. 

Rudolph Gebhardt of the E. J. Longyear Company, acted as a consultant 
on land problems, and ably assisted us in establishment of unit lease agree- 
ments and in other property negotiations. Harry Pitts of Eureka, Utah, 
used his almost inexhaustible knowledge of mining claim locations and land 
surveys in the East Tintic and main Tintic districts to help us with many 
problems. Paul Billingsley and Hollis Peacock acted as consultants and 
offered their interpretations of the data we collected. In addition, it is 
evident that the success of Bear Creek’s East Tintic project reflects the 
contributions of the many able geologists, geophysicists and engineers on 
the staff of Bear Creek and other Kennecott organizations, but space does 
not permit naming them all here. To them all we are deeply indebted, and 
their specific contributions are noted so far as possible in the text. The 
section of Part II of this paper that describes the surface work has been 
prepared by Douglas Cook, and the section dealing with underground de- 
velopment and exploration is the work of John Bush. Hal Morris, T. S. 
Lovering, Ray Gilbert, and William Shepard have reviewed the manuscript, 
and made many helpful suggestions; permission to publish has been gen 
erously given by the management of Bear Creek Mining Company. 


JENNY LIND PROJECT AND RELATED GEOLOGIC AND GEOCHEMICAL STUDIES 


Prior to undertaking the East Tintic project, the Bear Creek staff carried 
out geologic studies and exploration in the East Tintic Mountains and the 
main Tintic mining district. The results of some of this work are described 
below with particular emphasis on those investigations that had relevance 
to the East Tintic project. 

As a result of a reconnaissance mapping and geologic compilation program 
in central Utah during 1954, the Bear Creek staff selected the East Tintic 
Mountains for detailed geologic, geochemical, and geophysical investigations. 
Near the close of 1954, the E. J. Longyear Company presented its Jenny Lind 
project to Bear Creek for consideration. This project was based on the 
concept that a major ore center might be concealed beneath the lavas a mile 
or so north of the northernmost mines in the main Tintic District. In mid- 
1955, Bear Creek assumed control of the Jenny Lind project, and undertook 
intensive geological, geochemical, and geophysical studies of this unitized 
block of ground. The North Beck shaft was partially rehabilitated, and 
drilling was contracted to test four selected areas for subsurface structural 
information and mineralization. The results were discouraging and the 
project was subsequently abandoned. The project was, however, of con- 
siderable importance in providing a general understanding of the geology 
and ore habits of the district, and it thus helped us to evaluate the exploration 
potential of other areas in the main and East Tintic districts 

As a part of our Jenny Lind exploration program a study was made of 
the importance of structural and stratigraphic control of ores in the Eureka 
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Gulch area of the main Tintic district. Of special significance to us was the 
relative importance of faults and folds in the localization of ores in the Eureka 
Hill-Gemini and Mammoth-Chief ore zones. Following the compilation 
of much subsurface data from mines in the Eureka Gulch area it was con- 
cluded that the major northeast-trending strike-slip faults were of primary 
importance as ore-feeders and localizers, but that minor folds associated with 
them were also excellent ore traps. 

Experimental geochemical work was also undertaken to determine the 
dispersion patterns of metals in the limestone and dolomite country rock 
adjacent to known ore bodies. The ore metals were detectable in trace 
amounts in unfissured country rock for a maximum of twenty feet normal 
to the ore bodies, but along fractures and faults the metals were found for 
much greater distances. These results corroborated similar conclusions 
made by Morris (22, p. 093 716). 

A study parallel to one made sometime earlier by T. S. Lovering (per- 
sonal communication) on the orientation of quartz crystals and the preferred 
directions of quartz overgrowths in jasperoid bodies was made for jasperoids 
from the lower levels of the Chief Consolidated mine, to determine the direc- 
tion of movement of the fluids that deposited the quartz. The results, al- 
though admittedly incomplete, indicated the hydrothermal fluids traveled 
up-rake to the south. The results of a petrographic and trace element study 
of jasperoids, which was begun at this time and has continued to the present, 
are given later. 

The distribution of lead, silver, gold, copper, and zinc in the ores of the 
North Tintic, East Tintic, and main Tintic districts was studied to determine 


if a zonal pattern of metals is present. All available data from the mines 
of the district were compiled by the Bear Creek staff and plotted on district 
maps; see Plate 3 in Cook et al. (7). The results of this study suggest a 


broad zonal relation of ore metals in the Tintic district, with copper and gold 
] 


giving away northward to silver and lead and finally to lead, zinc, and silver. 
The relationship is caused in part by the high ratio of copper and gold to other 
metals in the fissure veins that are prominent in the southern part of the main 
Tintic district, where replacement ores are lacking, principally because of 
the absence of carbonate sediments in this part of the district. The zonal 
relationships, therefore, may be in large part caused by differences in lithology 
in these areas. 

The bedding replacement ores of the main Tintic district, however, show 
a zonation clearly from south to north, the dominant metal changing from 
copper to lead to zinc. This zonation of the metals is complicated in places 
by steeply plunging or vertical ore bodies, which are commonly higher in 
copper and gold than the average ore from the ore zones. The results con- 
firm in general the earlier studies of the metal zoning in the Tintic district 
by Lindgren and Loughlin (17) and by Billingsley and Crane (5). 

The implications of metal zonation seem important because, since Bear 
Creek's activities in the Chief Oxide area, it now appears that in the Eureka 
Standard-Apex Standard-Chief Oxide area of the East Tintic district a zonal 
relation of metals is present outward from intrusive centers with gold-copper 
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fissure ore giving way to silver-lead replacement ore, then to lead-silver-zinc 
ore and finally to zinc-lead-manganese ore. 


GEOLOGIC STUDIES PRELIMINARY TO THE EAST TINTIC PROJECT 


During the latter part of 1955 detailed geologic studies were undertaken 
by the Bear Creek Mining Company in the East Tintic district to evaluate the 
exploration potential of this area. These studies are summarized below 


Studies of Ore Habits and Ore Guides in the East Tintic Mining District 


Our Jenny Lind project required that we understand fully the habits of 
the ore bodies in the main Tintic district, and the study of the ore bodies in 
the East Tintic district followed as a natural consequence. The character- 
istics of the ore bodies in the Tintic Standard, North Lily, Eureka Lilly, 
Eureka Standard, Zuma, and Iron King mines were studied by reviewing 
the published and unpublished literature. Especially valuable as sources 
of information are U. S. Geological Survey Paper 107 on the Tintic mining 
district by Lindgren and Loughlin (17), the private reports to the Tintic 
Standard Mining Company by Billingsley, M. B. Kildale’s unpublished dox 
toral thesis (14) describing the structure and ore deposits of the East Tintic 
district, and Economic Geology, Monograph No. 1 by Lovering and _ his 
associates (19). Other reports by Crane (9), Parsons (24), Kransdorff 
(15), and Tower and Smith (27) are also valuable as references. 

We were particularly impressed by the importance of north-northeast 
trending fissures as conduits for ore fluids and the ease of recognition of some 
of these structures by virtue of their vein deposits, pebble dikes, and alteration 
haloes. The areas where carbonate rocks are faulted against Tintic quartzite 
appear to be of special significance as a site of ore deposition especially where 
these rocks are cut by the north-northeast trending mineralized fissures. The 
possibility that a number of structural intersections of this type were con 
cealed by inhospitable lava flows in the East Tintic district appeared to be 
good. It was logical, therefore, to expect that a study of alteration and the 
subsurface structure of the carbonate rocks in conjunction with geochemical 
studies in the pre-mineral lava cap would disclose exploration targets for 
concealed ore deposits 


Study of Hydrothermal Alteration and its Relation to Ore and Structure 
in the East Tintic District 


This study was based principally on the findings of Lovering and his 
associates (19) as described in Economic Geology, Monograph No. 1. The 
objective was the recognition of the alteration types as defined by Lovering, 
and a study of the distribution of these different altered zones within the 
East Tintic district, especially with reference to ore. This study actually 
started during the beginning stages of the Jenny Lind project since we were 
concerned then with the discovery of a major ore center under a weakly 
altered lava cap north of Eureka Gulch. In the Jenny Lind tract we had 
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distinguished the early barren and mid-barren alteration stages, and related 
their distribution to the channeling of the pre-ore fluids in the rubble zone 
at the base of the volcanic rocks. Unfortunately in this particular area we 
had been able to discover only meager evidences of Lovering’s late barren 
and productive alteration stages. 

In the East Tintic district, however, we were impressed by the close 
spatial association of the pervasive, late barren stage pyritic and calcitic 
alteration zones in the lava cap, to underlying ore centers in the sedimentary 
rocks. These alteration zones in the volcanics become especially significant 
where they also carried trace amounts of the ore metals. It is our opinion 
that the geochemical work carried out on surface rock and drill core samples 
by the U. S. Geological Survey in connection with their alteration studies 
was a distinct contribution to later discoveries (1), (18), (22). 


Compilation of all Available Data from Mining Companies and 
U. S. Geological Survey s Activities 


We were fortunate in that the mining companies in the Tintic district 
have exchanged map data throughout the productive years of the camp. This 
is an unusual situation in western mining districts, and is to be commended 
since it makes for maximum utilization of data. The records of exploration 
work by the Tintic Standard, Chief Consolidated, International, and New- 
mont mining companies together with those parts of the U. S. Geological 
Survey maps available for inspection were especially valuable. Many of these 
data were compiled on a district wide basis at scales of 1: 2,400 and 1: 4,800 
and enabled us to study the relation of the district geology to the known ore 
centers and associated areas of hydrothermal alteration. 

\s a result of these studies several areas were selected for exploration 
where pyritized and calcitized volcanic rocks overlie favorable structural 
intersections in underlying carbonate sedimentary rocks 


PRELIMINARY ECONOMIC STUDIES 


A study of existing records was undertaken to find the cost of discovering 
concealed ore bodies, and to estimate the net value of these discoveries. 
Such information is difficult to obtain but fairly reliable estimates can be 
made from company reports and from production statistics. We found that 
during the last 50 years, ten major exploration projects were carried out in 
the East Tintic district, of which three were successful. The direct explora- 
tion costs for the ten projects were estimated at $2,200,000 (not including 
development costs Concealed ore bodies were discovered with an aggre- 
gate gross value of $110,000,000 resulting in a net profit after taxes of $28,- 
000,000. The discoveries were based on geologic methods, using as guides 
the alteration in the overlying volcanic rocks and structure in the sedimentary 
rocks. Thus on a long term basis, exploration for concealed ore deposits in 
the East Tintic district has been successful, returning very substantial profits 
over the original exploration costs. We believe one of the more important 
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reasons for unsuccessful exploration was the failure to explore fully the 
targets, principally due to a lack of funds to carry the exploration to a reason- 
able conclusion. 

In answer to the question of whether one of these ore bodies, the Tintic 
Standard, could have been mined at a profit at today’s high costs, a detailed 
study was made of the Tintic Standard mining operation, converting the 
actual dollar costs to their 1955 equivalents, with the following results: 


1917-1949 1955 
Net smelter returns $50,000,000 £80,000,000 
Total cost of mining and 

estimated income tax 30,000,000 62,000,000 
Net profits after taxes 20,000,000 18,000,000 


We believe therefore ore bodies discovered in the future in the East Tintic 
district may yield profits comparable to those in the past. The Tintic 
Standard ore body, if mined today at an optimum rate of 150,000 tons per 
year, would have a life of about 20 years, yielding an annual net profit of 
$1.000.000. 


FORMULATION OF EAST TINTIC PROJECT AND UNIT LEASI AGREEMEN'I 


The general area of the East Tintic district was of special interest to 
sear Creek because of the previous successes there in the discovery of blind 
ore bodies. The extensive cover of pre-mineral volcanic flows was inviting 
because, although the lavas were not hospitable to ore, there was the pos- 
sibility that altered zones and dispersion haloes of ore-stage metals might 
indicate the presence of concealed ore centers in che underlying sedimentary 
rocks. Earlier work by the staff of the Rocky Mountain district of Bear 
Creek Mining Company in hydrothermally altered volcanic rocks near 
Bonanza, Colorado (8), and in New Mexico had provided some background 
in this type of exploration evaluation. Extensive areas of altered volcanic 
rocks were known in the East Tintic districts, extending well beyond the 
productive portion of the camp. The relatively small thickness of favorable 
carbonate sedimentary rocks that had survived pre-lava erosion in the pre 
viously productive area of the East Tintic district, as compared to the great 
thickness of these rocks in the main Tintic district, was regarded as an ad 
vantage as it reduces the magnitude of the search in the vertical dimension. 
It also eliminates areas for ore search where volcanic rocks directly overlie 
the Tintic quartzite, except where the quartzite has been thrust over younger 
carbonate rocks. 

Specific areas in the East Tintic district were selected as exploration 
targets because of the favorable factors mentioned here and because the 
results of our preliminary investigations were encouraging. Recommenda 
tions for a project program were made to management and these were sub 
sequently approved. 

Prior to the land negotiations, Bear Creek decided to go ahead with the 
project only in the event exploration rights could be obtained over a rela 
tively large area, since a number of targets were indicated, and because the 
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limits of the district had not been sufficiently well defined. In effect, we 
would be looking for major extensions of the district and thus felt we needed 
adequate land protection. It was on this basis that the management of Bear 
Creek accepted the project and discussions were started with the landowners. 
After nine months of negotiations with the Tintic Standard and Chief Con- 
solidated mining companies and their subsidiaries, a satisfactory agreement 
was reached in mid-1956. A unit lease agreement was agreed upon that 
provided for portions of the profits to be paid to all of the landowners, the 
share of each depending upon the ownership of the acreage from which ore 
is shipped. 


GENERAL STUDIES IN THE EAST TINTIC DISTRICT 


Following the execution of the unit lease agreement with the landowners 
our studies in the East Tintic district were intensified. A general description 
of these studies is as follows: 

Surface Geologic and Alteration Mapping.—Surface geologic work was 
started early in 1956 prior to the signing of a unit lease agreement. Fol- 
lowing a study of the volcanic and sedimentary rocks of the East Tintic 
Mountains, reconnaissance mapping was undertaken using aerial photographs 
asabase. All data were reduced to a scale of 1: 4,800 and drafted on contour 
maps prepared by photogrammetric processes. These base maps were tied 
into district surveys that had been carried out by other mining companies, 
and also into a triangulation net established by Bear Creek during the summer 
of 1956. 

Areas of potential interest were studied in greater detail by plane table 
and transit mapping methods at scales of 1: 2,400 and 1: 1,200. To facilitate 
the detailed mapping in critical areas where rock exposures were poor, 
trenches were excavated by a bulldozer. During the mapping program 
particular attention was given to the delineation of pebble dike zones and 
areas of hydrothermal alteration in lavas and sedimentary rocks. Types of 
alteration distinguished included: silicification, pyritization, chloritization, 
dolomitization, calcitization, and argillization. It was frequently difficult to 
differentiate the sedimentary units from each other because of the extensive 
alteration and poor rock exposures. 

Map Compilation.—Beginning in late 1955 and continuing intermittently 
to the present, maps have been compiled of surface and subsurface geology 
of the East Tintic district at scales of 1: 2,400 and 1:4,800. This work has 
been greatly facilitated by the availability of maps and reports in the files 
of the Tintic Standard and Chief Consolidated mining companies. 

Alteration Studies.—The hydrothermally altered areas of the East Tintic 
district have been studied by such investigators as Lindgren and Loughlin 
(17), Billingsley and Smith (4), and Lovering and others (19). The Bear 
Creek Mining Company has directed its studies to those alteration phenomena 
that appear to be more directly related to the ore-forming process. We 
have thus confined our studies to the characteristics of productive and non- 
productive jasperoid, the delineation of pyritized areas in the volcanics, the 
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relation of sanded dolomite to ore, and the occurrence of the manganese min 
erals in and adjacent to ore bodies. 

Jasperoid.—Although most ore bodies in the district are in jasperoidized 
rock, many jasperoid bodies are not associated with ore: miners have long 
believed that it was possible to distinguish between “productive” and “barren” 
jasperoids. Many studies have been made to determine significant differ- 
ences between such jasperoids, both by the Geological Survey and private 
companies. The term productive jasperoid is used here to denote rocks 
that are predominantly secondary silica and are associated spatially with ore 
bodies. Barren jasperoids have no obvious known connection with ore and 
in many areas within the Tintic districts are found to lie at the base of the 
voleanic series. Bear Creek began a study of jasperoids as a result of our 
investigations of the Jenny Lind tract. In 1955 Phillips of the Kennecott 
Research Center discovered that the productive jasperoids in the main Tintic 
and East Tintic districts differed from the barren jasperoids of the Jenny 
Lind and some other areas in having a microbrecciated texture. Also during 
the summer of 1955 geochemical work by Bear Creek, using a hot nitric acid 
digestion indicated the lead, copper, and zinc contents of the productive jas 
peroids were always higher than 100 ppm, commonly in the range of several 
thousand ppm. In 1956 the jasperoid study was continued by Howd (13 
who undertook a detailed petrographic study of fifty-five thin sections of 
jasperoid. He concluded that the productive jasperoids are characterized 
by relict microbrecciation, vugginess, variable grain size, and also the presence 
of barite, sericite, and clays. The barren jasperoids are more dense, and 
are characterized by the presence of manganese oxide, fibrous chalcedony, 
and iron oxide stain. During the early part of 1957 Howd submitted fifty 
three jasperoid samples to the Kennecott Research Center, Salt Lake City, 
for infrared and spectrographic analysis. The results reported by Lyon 
indicate ten elements have a level of concentration in the jasperoids that 
differs in the productive and non-productive types. The spectrographic data 
indicate that antimony, bismuth, copper, lead, zinc, silver, sodium, and thal 
lium are abundant in the productive jasperoids, and calcium and manganes¢ 
are more common in barren jasperoids. The arithmetical mean values of 
the samples that could be classified according to their ore grade, productive 
and barren character is shown in Table 2. By assigning point values to 
the textural and compositional properties, Howd was able, with a fair degree 
of certainty, to separate the productive from the barren jasperoids. Duke 
(10) recently completed a study of jasperoids from the Burgin mine, and 
obtained several mineralogical and trace-element criteria that distinguish 
jasperoids within 100 feet of ore-grade mineralization from those further 
away. His principal contribution was to establish that galena, hematite, and 
sphalerite are more common in the productive samples (in this classification, 
within 100 feet from ore). Duke also found microbrecciation, variable quartz 
crystal sizes, and vugs are all indicative of jasperoid near ore; this corrobo 
rates Howd’s earlier findings. Duke’s spectrographic data suggest that the 
content of silver, lead, zinc, and copper distinguish jasperoids near ore from 
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those further away, which agrees with Bear Creek’s geochemical and spectro 
graphic studies 

Sanded Dolomite Sanded dolomite is a gray to reddish-brown, poorly 
cemented dolomite with a gritty feel. A study of sanded dolomite was 
stimulated by the results of our drilling in the Trixie area of the East Tintic 
district. Howd (13, p. 133-134) established the sequence of altered lime- 
stone in these holes (from top to bottom) as follows: 1) dolomitized lime- 
stone with rare disseminated pyrite; 2) dolomitized limestone with dissemi- 
nated or vein pyrite and sparse veinlets of gypsum and jarosite; 3) sanded 
dolomite with disseminated iron oxides, veinlets of gypsum and jarosite but 
no pyrite; 4) fault gouge and breccia with abundant pyrite, base-metal sul- 
fides, sericite, and barite Howd concludes (13, p. 134) “... the occur- 
rence of sanded dolomite (varying from 50 to 130 feet thick) beneath 
unsanded, pyritized, dolomitized limestone indicates that the sanding was 


rABLE 2 


\RITHMETICAL MEAN VALUES FOR CERTAIN ELEMENTS IN ORE GRADE, PRODUCTIVE 
AND BARREN JASPEROIDS, East TINTIC MOUNTAINS, UTAH 


Element Ore grade 11 Productive 12) Barren! (21) 
Silver 115.3 46.3 1.6 
Bismuth 200 93 40 
Calcium 2800 4100 6810 
Copper 800 730 271 
Manganese 550 392 1302 
Sodium 13,700 2100 1428 
Lead 72,700 $185 202 
Antimony 100 55 45 
Thallium 90 20 n.d.? 
Zim 103,000 2300 1266 

All values in parts per million Analyses by emission spectrographic and x-ray fluorescent 
techniques, Kennecott Research Center 
2 n.d not detected 
Number of samples represented 


instigated by hydrothermal solutions originating later than the pyritizing solu 
tions. The presence of jarosite necessitates the addition of potassium and 
according to Lovering’s alteration scheme, the addition of potash is an indica- 
tion of early productive solutions. Therefore, the discovery of sanded 
dolomite beneath unsanded, pyritized dolomite may be a good guide to ore.” 
Howd (13, p. 134) explains the sanding by the oxidation of pyrite with the 
resultant formation of sulfuric acid. His interpretation that the sanding is 
all hypogene, seems open to question, however, as the associated minerals are 
commonly of supergene origin and in the area he studied they were well above 
the water table; pyritized rock above oxidized ore is common in the Burgin 
mine and many others 

Manganese Oxrides.—The wide distribution of manganese oxides in surface 
volcanic and sedimentary rocks in the East Tintic district led to our interest 
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in their origin and possible relation to underlying ore centers. James Ander 
son of Harvard University is currently studying the mineralogical and trace 
element characteristics of manganese carbonates occurring with primary 
sulfide ores, of manganese and iron oxides occurring with secondary ore, 
and also of manganese and iron oxides apparently remote from ore centers. 
Results of this study to date encourage us to believe that the manganese oxides 
directly related to ore may be distinguished from those some distance from 
ore and from manganese oxides derived from sources unrelated to ore centers. 

Insoluble Residues—A study of the Middle Ophir limestone of the East 
Tintic district was made for Bear Creek by Howd and Knight to determine 
whether the composition of insoluble residues would be helpful for correlation 
purposes. Samples from the Middle Ophir on Eureka Ridge, the Jenny 
Lind tract in the main Tintic district, and the Trixie area of the East Tintic 
district yielded insoluble residues that seemed correlatable on the basis of 
their chert and shale content, but a more detailed sampling of the unit from 
additional localities is needed before the consistency of the residues can be 
established. 

Surface Geochemical Work.—A field geochemical laboratory was set up 
early in 1956 at Dividend, Utah. Its chief function was to analyze drill hole 
samples for trace amounts of lead, zinc, and copper rapidly enough to facilitate 
decisions to stop or continue drill holes. Its use was discontinued in 1957 
and all subsequent samples were sent to our permanent geochemical labora- 
tory in Denver, Colorado. At both places the samples were digested in hot 
nitric acid and the metal values determined by standard colorimetric tech- 
niques. Dithizone was the reagent used for lead and zinc, and biquinoline 
for copper. In the latter part of 1957 all samples were sent to Fluo-X-Spec 
Laboratories of Denver, where the lead, zinc, and copper content were de- 
termined by using X-ray fluorescence equipment. We have continued to 
use the X-ray fluorescence technique because of more consistent results and 


lower costs. 

In the early stages of the East Tintic project the geochemical sampling 
was done in conjunction with the geologic mapping. Rock samples were 
taken, principally of fissure zones, pebble dikes, jasperoid, and outcrops of 
manganese and iron oxides. More recently many of the altered areas in 
the volcanic rocks have been systematically sampled on a grid pattern. 
Samples of rocks, limonite and manganese oxide are being analyzed by X-ray 
fluorescence and semi-quantitative spectrographic methods. The results ob- 
tained by the U. S. Geological Survey indicate that the use of methods that 
utilize a partial extraction of metals from the rock is preferable to the total 
analysis approach. Partial extractions are more likely to remove only the 
introduced, ore-stage heavy metals and not extract the indigenous metals 
from the silicate lattices. It is possible, therefore, that results from the work 
in progress will indicate the necessity for changing our current analytical 
technique. 

Surface Geophysical Work.—In May 1956 Bear Creek Mining Company 
engaged Hycon Aerial Surveys Inc., of Pasadena, California, to conduct an 
aeromagnetic survey of the general area of the East Tintic district using a 
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Varian magnetometer. The objective of this work was to obtain data on 
the magnetic indications of the intrusive, extrusive, and sedimentary rocks 
of the area. In particular, it was hoped that concealed intrusives and the 
sub-voleanic position of the East Tintic thrust could be found. It was 
anticipated that the pre-volcanic position of the thrust would be marked by 
a topographic scarp if the highly resistant Tintic quartzite was in fault con- 
tact with softer carbonate rock; the cover of volcanic rocks on the quartzite 
should be much thinner than on the carbonate units. We hoped to dis- 
tinguish a thick volcanic section from a relatively thin one by means of a 
contrast in magnetic expression. In a general way the results tended to 
show these geologic conditions, but the complexities of the magnetic profiles 
make satisfactory interpretation difficult, if not impossible. The results 
were additionally disappointing because known small intrusions did not show 
up as we had anticipated, probably because pervasive alteration has reduced 
the susceptibility of the intrusives to that of the surrounding host rocks. 
Hydrothermal alteration of the original magnetite in the rock to pyrite seems 
to be a possible explanation of this apparent decrease in susceptibility. 
Attempts were also made to use the geophysical techniques of self- 
potential and induced polarization for the detection of the massive sulfides, 
but without success. The pervasive pyritic mineralization in the lava cap 
tended to mask any underlying conductors, and in addition numerous buried 


water pipe lines provided us with misleading anomalies. At earlier times 
various geophysical techniques have been tried in the Chief Oxide area by 
Lundberg, Newmont, and the U. S. Geological Survey. As far as we were 


able to ascertain it was difficult to interpret these results in terms of known 


geology and alteration. 


THE SELECTION OF THE CHIEF OXIDE AREA AS AN EXPLORATION TARGET 


Of the targets selected for exploration within the East Tintic tract the 
Chief Oxide area seemed to be one of the most prominent principally because 
of the large amount of data on this area at our disposal. The U. S. Geo- 
logical Survey in particular had undertaken extensive geological, geochemical 
and geothermal studies in the area as well as conducting a significant amount 
of drilling by shallow and deep holes. 

In 1946 and 1947 while the Survey was active in the East Tintic district, 
the Newmont Mining Company reopened the Apex Standard mine in an 
effort to explore Apex Standard ground. They subsequently terminated this 
work after a small quantity of ore had been discovered. Newmont then put 
down two churn drill holes from the surface in the Chief Oxide area. Both 
holes were located in the area of pyritic alteration and also in the vicinity 
of a surface geochemical anomaly. The holes did not encounter ore-grade 
mineralization and were stopped at depths of 1,145 and 1,100 feet upon 
reaching the water table. This drilling by Newmont was important, how- 
ever, since it established the presence of carbonate rocks beneath the altered 
lava cap at a relatively shallow depth. Examination of sludge samples from 
the holes also established the presence of hydrothermal dolomite and pervasive 











1520 J. B. BUSH AND D. R. COO! 


fine-grained pyrite. Jasperoid and minor amounts of zinc and lead were 
found in one of these holes. These results encouraged the U. S. Geological 
Survey to deepen one of the holes to 1,600 feet by diamond drilling, and the 
core from this hole subsequently provided evidence that a concealed fault 
of major displacement was present between this drill hole and the eastern 
end of the workings of the Apex Standard mine. In addition a zone of 
weak zinc-lead mineralization was cut in the hole between 1,310 and 1,445 
feet. The magnitude of the stratigraphic displacement and an analysis of 
the regional struetural geology indicated the concealed fault was a thrust 
This structure on projection appears to be the controlling feature of minor 
fissures in the lavas that delineate the western edge of the Chief Oxide 
alteration patch. Thus the position of the well mineralized Eureka Standard 
fault projecting into a major thrust fault with carbonate sediments against 
Tintic quartzite appeared to be an extremely favorable environment for a 
major ore center. The presence of a weakly mineralized zone on the foot 
wall side of this thrust fault in what was believed to be relatively unfavorable 
rocks (Humbug formation) and also the presence of a geochemical anomaly 
at surface at the northwestern side of the Chief Oxide alteration patch sug 
gested “metallization smoke’ from a concealed ore center. (Later explora 
tion by shaft sinking showed that the rock believed to be the Humbug forma- 
tion was in reality the Victoria formation, a similar sequence of sandstone 
and carbonate beds but much more favorable rock for ore in the main Tintic 
district. This, however, did not greatly change the magnitude of the strati 
graphic displacement referred to previously.) Our interest in the area was 
heightened because of the analogy with that of the geologic setting of the 
North Lily, Eureka Lilly, and Tintic Standard mines. All the major ore 
bodies of these mines are located at favorable stratigraphic and structural 
positions on projection of strong northeast-trending fissures containing 
shoots of copper-gold-silver ore, pebble dikes, and in some areas, igneous dike 
material. 

{ the Chieti 
Oxide area, in order of importance at the time we underiook the project 


In summary, the favorable and unfavorable characteristics « 


were as follows: 


Favorable Features 


a. A major north-south trending thrust fault was believed to be present 
and to bring lower Cambrian Tintic quartzite over Mississippian or Devonian 
carbonate rocks. It was likely that the northeast-trending Eureka Standard 
fault, which localized some of the most productive gold-silver-copper ore 
bodies in the East Tintic district could be projected into this area. The 
geologic setting was analogous to other major ore centers in the district that 
produced metals with a gross value in excess of $100,000,000. 

b. A large area of pervasive pyritic alteration was present in the volcanic 
rocks, apparently on the footwall side of the sub-lava trace of the thrust fault. 

c. A zone of weak zinc-lead mineralization had been cut by drill holes 
in the sedimentary rocks beneath the altered lava cap on the footwall side 
of the suspected thrust fault. This was interpreted as a dispersion halo of 
metals in relatively unfavorable sedimentary rocks. 

















CHIEF OX EK-BURGIN AREA DISCOVERIES, UTAH 1521 


d. A geochemical anomaly was detected at the surface on the north 
western side of the alteration patch \n intrusive breccia bounded the 
western side of the alteration patch and dipped steeply to the west. The 
breccia has special significance because it contains anomalous concentrations 
of lead and zinc, and also because it seemed to lie on the projection of the 
suspected thrust fault 

e. The detection of anomalously high geothermal gradients from short 
holes drilled into the volcanic rocks indicated oxidation of substantial amounts 
of sulfide minerals either in the lavas or in the underlying sediments. 


Unfavorable Features 


a. The mineralized sedimentary carbonate rock cut by the churn and 
diamond drill holes sunk by Newmont Mining Company and the U. S. Geo 
logical Survey was not of ore grade. 

b. The probability existed that any ore discovered would be below the 
water table and thus expensive to mine 

c. High rock temperatures were suspected below the lava cap, which, if 
true, would increase the cost of mining. 

d. The Chief Oxide area was located on the southeastern edge of the 
district well to the east of any place where ore had previously been found. 

e. Several different geophysical surveys had failed to indicate concealed 
mineralization, primarily because of the pervasive pyritic alteration of the lava 
cap, and the depth limitations of the techniques used. 


We considered that the favorable factors greatly offset the unfavorable 
ones and the decision was made to proceed with physical exploration in the 


Chief Oxide are: 


Past experience in deep drilling from surface by our company and by 
other mining companies in the Tintic districts showed that this was a very 
unsatisfactory means of exploration, principally because of the high cost and 
poor core recovery in the altered rocks. After careful consideration of this 
problem it was decided to gamble the cost of a 1,000 foot exploration shaft 
in order to establish an “underground drilling platform” adjacent to the 
target areas. We also hoped by means of underground workings to establish 
the existence and character of the postulated thrust fault. 


SURFACE DRILLING IN THE CHIEF OXIDE AREA 


A limited amount of surface drilling was done prior to shaft sinking in 
order to locate a shaft site and also to obtain additional information on sub 
volcanic structure and alteration. 

Prior to Bear Creek’s drilling in the Chief Oxide area, only three holes 
from the surface had penetrated the sediments beneath the lava. In 1948 
Newmont put down two churn drill holes in the northwestern sector of the 
Oxide alteration patch: No. 1 to a depth of 1,145 feet and No. 2 to a depth 
of 1,100 feet The No. 2 hole was subsequently reopened by the U. S. Geo 
logical Survey in 1952 and diamond drilled to a depth of 1,600 feet. The 
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Survey also later put down another hole (No. 25A) to a depth of 981 feet. 
The location of these holes is shown in Figure 4, and Part I of this paper 
should be consulted for a description of the geology and mineralization. 

Drill Hole ET-1.—Bear Creek’s first hole in the East Tintic district was 
started in July 1956, and was an effort to deepen U. S. Geological Survey 
hole 25. This hole had been drilled to 575 feet and upon reaching the base 
of the volcanics had been abandoned by the Survey because of an inclination 
of 8° from the vertical. We deepened the hole with difficulty and finally 
lost it at 1,185 feet. Our principal objective was to test the western side 
of the alteration patch for a possible shaft site. In addition we hoped to 
determine the stratigraphic units below the volcanics so as to establish the 
position of the East Tintic thrust fault. Because of highly fractured ground, 
hydrothermal dolomitization, and poor core recovery considerable difference 
of opinion developed at that time as to the formations penetrated. The 
best interpretation was that the Cole Canyon formation of Cambrian age had 
been penetrated and, therefore, we were in the upper plate of the thrust. 
Subsequent underground development in the Burgin mine indicated that the 
hole went through the lava into Cambrian carbonate rocks, passed through 
the thrust, and then went into the Bluebell formation of Silurian-Devonian 
age. Because of the highly fractured nature of the ground encountered it 
was decided that this particular area was impractical as a shaft site. It is of 
interest, however, that near the bottom of the hole a 15-foot zone of dense 
manganese oxides was penetrated, a portion of which assayed 0.05 oz. gold 
per ton, 0.9 oz. silver per ton, 4.1 percent zinc and 0.1 percent copper. 
Chalcophanite, a zinc-manganese mineral, was identified as one of the con- 
stituents of the manganese oxides. The subsequent discovery of the close 
association of the manganese oxides with the manganese carbonates of the 
sulfide ores makes the penetration of the massive manganese oxides in this 
hole more significant than was originally thought. 

Drill Hole ET-5—ET-5 was started in October 1957, 1,000 feet north 
of the Burgin shaft, and was drilled to a depth of 2,175 feet. The principal 
objective of this hole was to test for the possible extension of the Apex 
Standard and Eureka Standard faults in the lower plate of the East Tinti 
thrust fault. We also hoped to establish the thickness of the quartz latite, 
and to determine the identity of the sediments beneath the lava cap. It was 
anticipated that the quartz latite would be about 800 feet thick, but it turned 
out to be nearly 2,000 feet thick. We believe that the hole penetrated the 
lower part of the Pinyon Peak formation at the base of the volcanic rocks 
There is a good possibility that the volcanic rocks are faulted against the 
sedimentary rocks possibly by post-volcanic movement on the Eureka Stand- 
ard fault. It is also of interest that a heavily pyritized zone 16 feet thick 
containing anomalous amounts of silver, copper, lead and zinc was found 
at the contact of the lava and sedimentary rocks. A small amount of arseno- 
pyrite together with smaller amounts of tetrahedrite was identified in the 
drill core from this zone. 

Drill holes ET-8, -9 and 10.—These holes were collared within the Chief 
Oxide alteration patch (Fig. 4). Holes 8 and 9 are positioned near its east- 
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ern edge. The objectives of this drilling were to determine the extent of 
the pyritic alteration at depth and to test for mineralization in the underlying 
sediments. The U. S. Geological Survey had previously tested the eastern 
contact of the alteration patch by four shallow holes, the deepest being 431 
feet. One of the holes contained anomalous amounts of arsenic, suggesting 
that a deeper hole was warranted to test the ground in depth. 

Hole 8 was drilled to 515 feet, hole 9 to 803 feet and hole 10 to 1481 feet. 
All three holes ended in fresh volcanic rock and thus the objective of testing 
the underlying sedimentary rocks was not achieved. Pyritic alteration was 
found to extend to 385 feet in hole 8, 560 feet in hole 9 and 815 feet in hole 
10. It is thus evident that the base of the pyritic zone is either curved or 
irregular with a general dip to the northwest. At the western side of the 
Chief Oxide alteration patch, evidence in deep holes and at the surface sug- 
gests that the upper limit of alteration rakes upward and to the east from the 
sub-volcanic position of the East Tintic thrust fault. As observed in drill 
holes 8, 9 and 10, the base of pyritic alteration also dips westerly, thus indi- 
cating that altering fluids moved both laterally and vertically from west to 
east 

Conclusions Concerning Surface Drilling —Although the decision to sink 
a shaft was made prior to our surface drilling and detailed geologic studies, 
the results increased our confidence in the appraisal made of the favorable 
and the unfavorable features of the area, and it emphasized the necessity to 
explore the area by drilling from underground workings in the carbonate 
rocks below the lava cap. 


UNDERGROUND DEVELOPMENT AND EXPLORATION IN THE CHIEF OXIDE AREA 
Burgin Shaft 


Bids for shaft sinking were called immediately after the Unit Lease 
agreement was signed in September, 1956, and late in October the shaft con- 
tract was awarded to the Centennial Development Company of Eureka, Utah, 
which carried on the work under the supervision of the Engineering Depart- 
ment of Kennecott’s Western Mining Divisions. 

Selection of a shaft site was limited to an area within testing distance of 
the East Tintic thrust, and the mineralization found in U.S.G.S. No. 1 dia- 
mond drill hole. Information on subsurface ground conditions was obtained 
from the logs of Newmont’s No. 1 and No. 2 churn drill holes, the U.S.G.S. 
No. 1 diamond drill hole, and Bear Creek’s ET-1 diamond drill hole. A 
small topographic feature, known as Oxide Hill, was selected for a shaft 
location, as the drilling indicated that reasonably solid rock extended to a 
depth of 1,600 feet. Further, the hill, with its flat top, provided ample space 
for a headframe and related installations, and provided an ideal situation for 
dumping waste material 

Construction of the surface plant was started in November 1956; the 24- 
compartment shaft was collared and shaft-sinking began on January 30, 
1957; six months later it was bottomed at 1100 feet, where the last round 
broke into the permanent water table. The contractor maintained three 
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shifts daily, six days per week, and the shaft was completed in 142 working 
days. Although it penetrated fairly solid ground, the shaft was timbered 
and completely lagged for its entire depth and consequently the geology had 
to be recorded from day to day as the sinking pr¢ ceeded 

\ perched water table was cut in the volcanic rocks at a depth of 300 feet 
and a flow of approximately 8 gallons per minute resulted. A rubble zone 
20 feet thick at a depth of 680 feet, marking the contact between the volcanics 
and underlying sediments, was the only place in the shaft where heavy ground 
existed 


Burgin 1050 Level 


In August, 1957, a shaft station was cut 50 feet above the bottom of the 
shaft, as all workings at this level would be in dry ground, and the 1050 
west crosscut was started in a westerly direction. At the same time a dia- 
mond drill station was prepared on the east side of the shaft and underground 
drilling was started in September. 

The 1050 west crosscut was driven west to test two objectives: (1) the 
postulated East Tintic thrust zone, which—if found—was to be explored by 
drifts along the thrust in both the hanging wall and the footwall; (2) a body 
of zinciferous manganese oxides that had been intersected by Bear Creek’s 
surface drill hole, ET-1. 

\fter advancing 450 feet, the 1050 west crosscut intersected narrow north 
trending, steep bedding fissures of oxide mineralization that contained man- 
ganese, iron, lead and zinc. The 10-274 drifts (Fig. 5) were started north 
and south along this mineralized fissure zone, and a drill station was prepared 
a hundred feet farther west so that the down-dip extension of the mineraliza- 
tion could be tested by diamond drilling. Work in this area was then re 
cessed for several months while the 1050 west crosscut was continued. 

By November, 1957, the 1050 west crosscut had reached objective (2) 
which proved to be an irregular body of massive manganese and iron oxides 
within the central part of a large brecciated and altered zone 800 feet west 
of the shaft. This mineralized zone, which had already been penetrated by 
surface hole ET-1, carries an appreciable amount of lead and zinc where 
«it by the 1050 west crosscut, but it has not yet been explored further 

The footwall of the East Tintic thrust, objective (1), was reached at a 
point 1,300 feet west of the shaft early in 1958. The 1050 west crosscut 
was stopped in May, 1958, after penetrating the thrust zone for a distance of 
150 feet without reaching the hanging wall of Tintic quartzite. Further 
advance was to await probing ahead with a diamond drill 

From March through June, 1958, the 10-274 south drift was extended to 
a total length of 430 feet, in an attempt to follow in a southerly direction the 
steep bedding fissure zone marked by zine and lead-bearing manganese and 
iron oxides \s a result of this work, large zones of ferruginous manganese 
oxides were exposed, and drill holes from a station at the end of 10-274 
south drift confirmed the southerly extension of an underlying north-south 
trending zone of sulfide mineralization. Later in the year, the 10-274 north 
drift was driven to a point 415 feet north of the main crosscut. Two drill 
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stations were established—one at 200 feet and one at the breast, to test the 
northern extension of the sulfide mineralization cut below the 10-274 south 
drift. 

Drifting along the footwall of the East Tintic thrust was started in June 
1958. Lenses of slightly mineralized jasperoid and manganese oxides were 
observed in thrust gouge along the south wall of the main 1050 west crosscut. 
This prompted the decision to begin driving the 10-266 drift in a southerly 
direction. A substantial body of zinciferous manganese oxides containing 
lenses of lead carbonate was exposed a short distance south of the main 
crosscut. Subsequently the 10-266 south drift was advanced southeasterly 
and easterly to explore the manganese zone and was eventually stopped at 
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in of 1050 level, Burgin Mine, showing drill holes. 


520 feet, where the manganese mineralization was cut off within a complexly 


faulted area. Three lenses of lead carbonate ore were found within the 
manganese zone. The 10-266 north drift, which was driven northerly along 
the trace of the footwall of the East Tintic thrust, advanced 270 feet without 


cutting any mineralized rock. It was stopped in January, 1959, to await 
the results of diamond drilling. 

In February, 1959, a crosscut (the 10-267 south) was started in the 
hanging wall of the largest lead carbonate lens exposed in 10-266 south drift. 
The purpose « 


f this crosseut was to determine the thickness of the manganese 
zone, which is the enve lope of the oxidized lead ore, and to provide suitable 
sites for drills that would test the ground for down-dip extensions of ore. 
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As the 10-267 crosscut advanced south several bodies of manganese oxide 
were cut, as well as some mineralized fault zones, which were interpreted 
to be leakage channels from ore zones below 

In April, 1959, it was decided to extend the 1050 west crosscut to test 
a large zone of low-grade mineralization that had been discovered in a hori 
zontal diamond drill hole. The crosscut was advanced an additional 220 
feet west through blocky Ophir shale and dolomite of the upper thrust plate 
At 200 feet it cut a large mylonitized zone containing manganese and low 
grade lead-zinc mineralization. From this point the 10-262 south crosscut 
was turned south for 290 feet, and thereby appears to have diagonally pene 
trated the mineralized zone. Near the center of the low-grade mineralized 
mylonite is an irregularly-shaped, brecciated, silicified mass of higher grade 
lead-zinc mineralization within which a drill station was excavated 


Underground Drilling 


Soon after the Burgin Shaft was completed diamond drilling was com- 
menced from the 1050 level station. This work has been carried on by 


Boyles Brothers Drilling Company of Salt Lake City. The relatively high 
core recovery achieved in ground noted for low recovery and difficult drilling 
characteristics is due in large part to the use of wire-line equipment, which 
makes possible the rapid 
» first drill station, 60 feet east of the shaft on the 1050 level, 
les were drilled to test the ground to the north, south, and east 


recovery of core without pulling the rods 


From the 
! 


horizontal 


it 


Volcanic rocks were cut in holes to the north and east, but only carbonate 


rocks were found to the south. Several down-holes were drilled to explore 
the mineralized zone cut by U.S.G.S. No. 1 drill hole below the 1050 level 
This drilling confirmed the existence of a zone of widespread low-grade 
sulfide mineralization that lies 200 to 400 feet below the level. The ground 
in this part of the mine roved to be solid and core recovery averaged 8&6 
percent over a total of 9 »| with an aggregate footage of 3,950 feet 

In February, 1958, nd drilling was started in order to test the 
10-274 fissure zone 450 fe west of the shaft. This drilling showed the 
presence of ore grade lead and zinc sulfides below water level, and 
result the 10-274 drifts were extended north and south to test for 
extensions of mineralization and to provide additional drill stations along tl 
strike of the mineralized zone 

Through most of 1958 the diamond drilling was concentrated in the 10-274 
area. This work established the presence of an irregular zone of base metal 
sulfide mineralization in a zone 100 to 300 feet below the level, which was 
followed 1n drill holes 600 feet horizontally without finding either the northern 
4] 


or southern limits we zon In all, 20 holes, mostly down-holes, totaling 


7,050 feet, were drilled from three different drill stations in the 10-274 area 
Fairly firm ground ulted in an average core recovery of 68 percent 


By November, | | 10-266 south drift had disclosed a better grade 


of mineralization along the f wall of the East Tintic thrust than had beet 


found in the 10-274 ; nsequently it was decided to stop temporarily 
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extremely difficult because many of the distinguishing features of the Paleozoi 
formations have been changed or obliterated by hydrothermal alteration 

The tentative conclusion reached from underground studies is that the 
lower part of the Burgin Shaft and most of the 1050 level are within sedi- 
mentary rocks ranging in age from Ordovician to Mississippian, in the lower 
plate of the East Tintic thrust fault. The extreme westerly openings of 
the 1050 level have cut the thrust and penetrated several hundred feet into 
Middle Cambrian Ophir rocks of the upper thrust plate. The Cambrian 
rocks are thoroughly brecciated and overlie a footwall of Ordovician Opohonga 
limestone 

In detail, the structure of the Burgin mine area is difficult to resolve 
Study of the drill cores and the geologic maps of the 1050 level suggest that 
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the major structure in the footwall may be the western limb of a tight, nearly 
recumbent syncline that is overturned to the east. This syncline strikes 


northerly, and has a curved, flat to gently dipping axial plane. This fold, in 


part at least, may have formed in response to drag along the footwall of the 


thrust (Figs. 7, 8 
Extensive mineralization occurred in certain favorable beds in the De 
vonian rocks of the lower plate-beds that are also known to be excellent host 
rocks in the main Tintic district High-grade lead-silver ore has been found 
along the footwall strand of the thrust fault in highly altered and broken 
are presumably in the lower part of the Middle Cambrian sex 


oted earlier, base-metal sulfide mineralization has also been dis 
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covered far west in the ust zone, in altered and brecciated Ophir 


formation « * upper plate 


Stratigrat hy 


vicinity of the Burgin shaft the entire area is covered by volcan 
rocks f the Packard quartz latite series, and the nearest outcrops of sedi 
mentary rock he 4.000 feet southwes } ie lz In general, the thickness 
of the volcanic rocks increase north | e of the shaft and de 

the south 

Bure shiz it | lept! i ti lava cap 1s approximately 700 teet 

ic rocks ly medium-grained, pinkish to blue-gray quartz 

ind flow ia it beds of tuff are present at the base and top 
of » Packard quartz latite ’yritic and argillic alteration persist from the 


1 


suriace to a depth of 500 feet, but below this depth in the shaft the pyrite 


disappears and the volcani ocks are relatively fresh in appearance. In 
other place s, as at Bear 1 and the U.S.G.S. 25A drill holes, the 
pyrite is present he | part of the lava and absent in the upper part 
Thin beds of dark, |} | Tt vere cut by the shaft near the base of the 
voleanic rocks, and rub ne 20 feet thick is present from 680 feet to 
700 feet at the contact of volea sedimentary rocks This zone 
consists mostly of blocks a lrag ot quartz latite and carbonate rocks 
in an argillaceous, rubbly groundma 

From 7 feet to the bottom of the shaft at 1,100 feet, gently dipping 
dense, hard Paleozoic sedimentary rocks are present, but the identificatior 
of the upper part of these rocks, which includes a shaly layer 25 feet thick 

750 feet, is still in question. However, the interbedded quartzite, dolo 
mite, and sandy dolomite, which occur from 800 feet to near the shaft station 
at 1,030 feet identify these rocks as a part of the Devonian Victoria forma 
tion From the shaft station at 1,050 feet to the bottom at 1,100 feet the 
rocks contain fairly abundant but poorly preserved fossils that have been 
tentatively identified as belonging to the Pinyon Peak formation of Upper 
lly overlies the Victoria The fact that here the 
inyon Peak can be explained only by a completely 


Devonian age, which norma 


Victoria lies on top of the I 


overturned section or by over-thrusting (Fig. & The shaft station at the 


~ 


1050 level exposes a brecciated contact zone between the Victoria and Pinyon 


Peak formations | sugy the presence of a low angel fault. Whether 
| adjustment within a recumbent fold 


idiary thrust fault cannot be determined definitely with only the 


information now availabl 
The 1050 west crosscut, whi n Victoria formation near the shaft 
penetrated suc ly older rocks as it advanced westerly, passing through 
the Victori lu l, Fi vel nd Opohonga formations, and finally into 
the is ist zon ig. / The three-foot “speckled” bed, whicl 
base of the Victoria, was cut in the 
1050 west osscut i vest the shaft The “Spec kled” “«l the 
most importa Ins 1 ! 14 determining the sequence 1.e., top and 


bottom of be in th art of the mine, and in working out a tenta 





Bluebell 
7 where MW) tow highly 
mite nodules typical of the “eve beds” u 
upper part of tl ormation, and by its “short-breaking”’ nature Phe 
Haven dolomi vas i in Ordovician fossil, distinctive 
hovy its strativgray wsition betwee the Bluebell and { pohonga, and 
currence of Leopard Skin” marker, although here the chert 
naracterist« this horizon are replaced by crystalline calcite and 
an alteration ct on near 0 Che dolomitized Opohonga lime 
readil mized by its thin-bedded, argillaceous nature and its 

mottled brown 

With the yssil ion of th ictoria formation, none of the units 
exposed in the osscut show their full thickness The Bluebell and Fish 
Haven are thinned, proba both by faulting and alteration, to a combined 
thickness of 350 feet fri 1 normal combined thickness of 625 to 950 feet 


Only eet of hong vas penetrated before it was cut 


mine. where the 1050 level workings are in 
very little of the rock thus far exposed appears 
locks and brecciated slices of Cambrian shal 


some quartzite, have been dragged and rolled 


their present u i d positions by the early folding and thrusting 


quartzite is 0 sly tl Lower Cambrian Tintic quartzite, the shale 

Middle Can ! hir formation, some or all of the limestone and 

ilomite Middle brian Ophir formation but some of it may belong 
igher in the secti 
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typical sigmoid folds provide small scale replicas of the larger scale thrusting 
and folding 

In the hanging-wall plate of the thrust, bedding can be observed within 
many large breccia blocks. Because of the obvious displacement and possible 
rotation of these blocks, however, the bedding within them cannot be relied 
on to represent the regional trend 

An attempt has been made to draw a structure section through the mine 
using the information available from drill holes and level mapping. Figure 
& represents the current—but probably not the ultimate—thought on the 
structure of the area 

High-Angle Faulting —Most of the faults in the mine are nearly parallel 
to the bedding, and were the result, apparently, of adjustment of beds under 
the stress of intense regional folding. Some of these bedding plane faults and 
shear zones provided the channelways for the ascending hydrothermal 
solutions that deposited substantial bodies of iron and manganese minerals as 
well as appreciable amounts of lead and zinc sulfides 

\s noted earlier, diamond drilling has indicated ore-grade base-metal 


sulfides below the 1050 level on one such bedding plane shear zone—the 274 


fissure zone 

In the footwall block of the East Tintic thrust several steep northeasterly 
and easterly-trending faults of small displacement are present, and on at least 
three small fractures of this group small concentrations of oxide mineraliza 
tion were found in the 10-274 drifts. Large northeasterly or northwesterly 


normal faults have not yet been recognized in the footwall block \pparent 


normal faulting associated with the East Tintic thrust will be discussed in 
the following section 

East Tintic Thrust Fault The main footwall break of the East Tinti 
thrust zone is exposed in the 1050 west crosscut approximately 1,300 feet 
west of the shaft. The amount of actual displacement on the thrust is un 
known, but the lower part of the Ophir formation is thrust over the Opohonga 
limestone, which ts about 3,500 feet stratigraphically higher 

The main break of the thrust is marked by iron and manganese-stained 
gouge or mylonite, which has slickensided movement planes that strike 
generally north and dip 15° to 30° west in the vicinity of the 1050 west 
crosscut Large blocks of brecciated, sanded dolomite and jasperoid are 
common within the thrust zone 

The footwall strand of the thrust is a gently undulating structure, and 
in 10-266 south drift the trace of the thrust swings to the southeast and east 
The gentle folding of the thrust plane is probably accentuated here by north 
easterly and northwesterly normal faults that cut and warp the thrust plane 
(Fig. 7 


ALTERATION AND MINERALIZATION 


Hypogene alteration within the mine area is chiefly pyritic, argillic and 
calcitic in the overlying volcanics, and hydrothermal dolomitization, silicifica 
tion, minor argillization, and “sanding” in the sedimentary rocks 

\s noted in Part I of this paper, the U. S. Geological Survey party, in 


its studies of the East Tintic district concluded that there are five stages of 





tage—dolomutization of 


chloritization of the ba volcanics: (2) mid 


limestone and minor 


harren stage argillic alteration 
of the volcanics and to a lesser extent of the sediments; (3) late barren stage 
replacement by jasperoid, barite, cubic pyrite and calcite; (4) early pro 
ductive stage—introduction of sericite, clear quartz and pyrithohedral pyrite 

(5) productive stage—introduction of ore minerals 
In the Burgin mine area the early barren stage is represented by ex 


dol 


tensive lomitization of carbonate rocks but only minor chloritic altera 


tion in the overlying volcanics Argillic alteration of the mid-barren stage 1s 


widespread in the lava cap above the Burgin deposits, but in the carbonate 


rocks it is represented more by its leaching effects than by deposition of clay 


Sanded dolomite, ascribed by Lovering and others (19, pages 25-26) to the 


mid-barren age, videspread in the carbonate rocks on the 1050 level, 

particularly in 1 vall rock of fissures containing abundant iron and man 

ganese oxides, and 1s als vident in drill cores from well below water level 

Part of the sanding may be of supergene origin, but the lack of iron stain in 
or 


i 


e sanding of primary noncalcareous dolomites 


d pyrite and other sulfides in many places, and 


level preclude a supergene origin for much of it 
us to believe that hypogene sanded 
ibination of |: barren and early productive 

] ‘ 


a ood wiicde to ore 


barren stage alteration in the mine area is well represented in the 
by jasperot te and cubic pyrite Jasperoid and barite, i 


particular, are generally n closely associat with ore and do occupy the 
same conduits and channelways. Widespread pyritic alteration occurs in 
the vol | in large patches on the surface, in the shaft 
ilteration was found to exist in the volcan 
pvritic alteration 

1s characterized by the formation of ericite 
rite, and in the mine area this stave is evident 
he ore bodies The development of quartz 
| 


ccurs at some distance from metallized zones 


the water table, most of the workings 


wide spread existence ot pyrite 


extensive iron-staining 1n all the forma 


mation of jasperoid, has long been considered a 
sition in the Tintic district However, although 


1 


jasperoid associated with them, not all jasperoid 


lated to ore As noted by Cook in the preceding 
Duke (10 1oOT Bear ( reek and Morris 
important contributions toward 
jasperoid issociated with ore 
~<] with ore 
nganese oxides and ore mineral 


unique in the Tintic district 
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vu ce oxide occu mnt Sf lard 1 Ir i sexes } 
Vanes mle ecu | andard and ron King munes, it has 


never been thought to be ; related to the silver-lead-zinc mineraliza 


tion as it is in the Burgin mu Here, large bodies of massive manganese- 


iron oxides encase lead hona re bod Ss, and below the zone ot oxidation 
the manganese res as rhodochrosite and manganosiderite, which are 


locally intergrown with ore sulfides lo our knowledge, these manganese 


arbonates have not been ind in any of the other Tintic mines except in 
minor quantities. In the Burgin mine, the intimate association of manganese 
carbonates with massive and disseminated base-metal sulfides makes the 
existence of manganese, in either oxide or carbonate form, highly suggestive 
of proximity to ore It is regarded as one of the most valuable ore guides 
in the Burgin mine 

Supergene processes have greatly modified the results of hypogene min- 
eralization (or metallization) in the Chief Oxide area. The oxidized min- 


} 


eTais occur chiefly above the vater table (at 1,090 feet . but the zone of 
oxidation, although attenuating with depth, extends approximately 100 feet 
below the present water table This places the bottom of the oxidized zone 
it roughly 150 feet below the 1050 level or 1,200 feet below the surface In 
some parts of the mine, however, the oxidation extends to greater depths 
and in other places, such as in 10-262 south crosscut, the lower limit of oxida 
tion is above the 1050 level, well above the permanent water table. This 
local conditior ay be due to the presence of impermeable shaly layers that 
prevent irculation of a1 r water through the rocks. The minerals 
characteristic of oxide zone are cerussite and plumbojarosite with some 
anglesite and hso in a gangue of jasperoid, barite, limonite, jarosite 


<idized manga minerals. Appreciable amounts of zinc in the form 
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lanite complex zinc-manganese oxid alw: occur with the 
manganese oxides 
Below the zone of oxidation, the minerals of economic importance are 
chiefly sulfid bonate and siliceous gangue. The more common 
minerals ; sphalerite, pyrite, rhodochrosite, manganosiderite and 
jasperoid 
| it the oxide minerals change abruptly to the hypo 
ninerals below the oxidized zone. One is clearly the oxidized equiva 


other (7 


Prin | Ore and Mineralized Zones (Fig 
Vinera dZ The only signs of mineralization in the 10-274 


' 


drifts are manganese and iron-stained fissures containing small stringers of 
oxidized lead and zinc mineralization, which probably represent “leaks” from 
the underlying sulfides Extensive down-hole drilling was instrumental 1m 


locating base-metal sulfides below the zone of oxidation. The mineralization 


lipping dolomite beds about 100 feet thick striking 


was restricted to steeply ‘ 


hanging wall of quartzite and a footwall of barre 
Victoria formation Ithough the zone has been 
ke length of 600 feet, the north and south limit 
the envelope of low vrade zinc and lead sul 
flat, pipe-like concentration of better grade mate 
about 200 feet below the 1050 level This 


ad-zinc ore iverages 2.5 oz/T Ag, 6.4% Ph. 


is been found in the 10-267 area both in the 
200 feet below the 1050 level in drill holes 


Little is vet known about. the extent or con 


directly under a zone of massive manganese 
length of approximately 400 feet, a thickness 
it least 300 feet The manganese zone lies on 
istance above the footwall of the East Tintic thrust, and strikes 
generally northwest and dips from 30° to 40° southwest 


Disconiinuous tabular masses or lenses of lead carbonate are exposed 
in 10-266 south drift. within the manganese zone. The lenses are up to 
seven feet thick and are believed to pinch out up-dip from the 1050 level, but 
probably converge and enlarge down-dip, as shown in Figure 9. The ore 

cot ly of cerussite and plumbojarosite with some jas 
galena It has an average content of 9.2 0z/T 
Zn 


(Good-grade silver-lead-zine ore that appears to | 


be the downdip extension 
the ore exposed 10-266 south drift has been intersected in holes drilled 
10-267 south crosscut. The upper portion of this 
that contains relatively high values in silver. pos 


nrichment The lower portion of the ore body 
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consists mostly of sulfides, the chief minerals being galena, sphalerite, pyrite, 
rhodochrosite, barite ind jasperoid The sulfide zone generally contains 
lesser amounts of silver but much greater amounts of zinc than does the 
oxide zone The average thickness and grade of the ore below the level. 
as determined from four drill holes, is 66 feet assaving 23.1 oz/T Ag, 23.1% 
Pb and 8.4% Zn The over: 1] t » OF \g Ph Zn is thus about 3 4 ] 
Ore thicknesses up te { have been penetrated, but there is some 


evidence that the thickness ma hange rapidly along both dip and strike 
hye igraphic and part is probably due to faulting 


Part of the control may 
It is interesting to note tha | c known thickness of ore is near the 


1 


iXIsS Of a mall anticline 
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Fic. 10. Geochemical and geothermal graphs along 1050 west crosscut 


mineralization and the geochemical results at the 1050 level justify additional 


diamond drilling in this area 


Geothermometr\ 


The U. S. Geological Survey's work on geothermometry in shallow surface 


drill holes showed that relatively steep temperature gradients (5°-10° F/100 
ft of depth) were obtained in the Chief Oxide area. The Survey believed 
the steep gradients to be due to oxidation of sulfides in permeable carbonate 
rocks beneath less permeable lava which contained relatively unoxidized 
pyrite. Temperature measurements in the Burgin mine tend to substantiate 
this hypothesis 

Rock temperatures in 1050 west crosscut were recorded with a maximum 


reading thermometer \t the 1050 shaft station the rock temperature is 


95° F and it increases westerly to a maximum of 130° F near the westert 
limits of the present workings (Fig. 10) The higher readings are clearly 
related to the presence of quartzite corresponding to conditions found in 
other mines of the East Tintic district. In the Burgin mine, it is likely that 
the increase of temperature in a westerly direction is the result of a greater 


amount of sulfide oxidation in this direction 


CONCLUSIONS 


The highlights in the sequence of events that led to the discovery 


in the Chief Oxide area are these 
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would imply the ubiquitous association of these two minerals. If one was 
lLa-rich and the other Yb-rich then the variation in their relative abundance 
would have to be ten-fold or more to account for the observed La/( Yt + Yb) 
ratio range in davidites ; this is not an impossibility Nevertheless apart from 
rutile, hematite and ilmenite inclusions, davidite can appear homogeneous 
under very high magnification (1 Any supposed La- or Yb-rich phase 
would therefore be a highly dispersed one or if exsolved would have to have 
a crystal size of fractions of microns. It may, therefore, be sensible to con 
sider that all the rare earths in davidite originally competed for entry inte 
one or more different structural sites in davidite during its initial crystal 
lization. The difficulty is that La, which as La,O, varies from about 2 
to 4 percent in mineral nos. 1-13 does not appear to be able to proxy easily 
for any of the common elements in davidite. La** is the largest trivalent 
ion except Ac** and has an ionic radius of 1.14 A (19). The ions U**, Ti 

V** and Ti’* have respective radii of .97A, .76A, .74A and .68A and only U** 
has a size geochemically comparable with that of La’ However, it will be 
recalled that other minerals with essential rare earths, Ti and U concentrate 
the middle and heavier lanthanons: exceptions like aeschynite, which con 
centrates the light lanthanons, have Ce exceeding La (13) 


Elements can substitute for each other when in the form of complex 


ions but according to Ringwood (20) none of the major elements in davidite 
except V is likely to occur complexed at, say, hydrothermal or pegmatite 
temperatures It is concluded therefore, that La occupied special structural 
positions in crystalline davidite. If it is assumed that ions larger than La 

could have been more readily incorporated than ions smaller than La** then the 
usual preponderance of La over Ce is explained. The ratio of La/Ce in 
davidite is thus more a reflection of its property of being highly selective 
towards La than of the La/Ce ratio in the fluids from which the mineral 
crystallized The paucity of Pr and Nd is understandable; their ions are 
too small to be readily accommodated in positions normally occupied by La 
On the other hand the appreciable quantities of the heavy lanthanons are to 
be expected as they can substitute fairly readily for U. What is perplexing, 
however, is the paucity of Gd (and Sm) 

There are not many minerals in which a smat!l percentage of ions or 
atoms holds unique structural positions. Tourmaline (21) and levyne (Dr 
M. Hey, personal communication) both contain small but essential amounts 
of Na; and connellite-buttgenbachite is an example of a mineral series con 
taining a low and essential anion content (SO,, NO Therefore the sug 
gested role of La in davidite is at least plausible and can only heighten the 
interest in the possibilities of synthesizing this remarkable mineral 


ACK NOW LEDGMENTS 


We are indebted to the following gentlemen who donated specimens: J. E 
T. Horne, L. J. Lawrence, H. Neumann, E. O. Rayner, W. Welsh and 
\. W. G. Whittle 


Mr. Rayner most kindly sent us a copy ot his M Sc. thesis on Thack 





TERISTICS O} 


aringa davicdlites | we al benefitted from discussions with Dr. A. P 
Millman 
We thank the Director of Rothamsted Experimental Station, Harpenden, 


Herts for permission to use the glass spectrograph 
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at 400°-—500° in a stream of Cl, + S.Cl, (22) and 
HF The insoluble fluorides (of alkaline earths 
re earths and thoriu ‘ » freed from Ca etc. by precipitation as oxalate 
23, 24 ind } x f rare earths and thorium were obtained therefrom by 
ritior { aa mined by the normal radiometric method by Mr. Bunt of 


e Geological r omic Division, of Great Britain Individual rare earth 


*] 
vere determined spectrographically on the separated rare earths plus thorium 

icle is previously described (24) but (1) Ce was used as internal standard 
(Ce 4483.89\4 in the range 4200—4800A for the 50°, Yt.O, mixtures and the 
neat oxides (ii) Nd was used as liason internal standard (Nd 3941.51A; inter 
ference from Ce 3941.58A is negligible) in the range 4150—3850A instead of Dy 


Syntheti stand ! mxides corresponding in composition to those fron 


lavidite n 2 and 11 were used to augment working curves from other Ce-rich 
standards: background corrections were made throughout Percentage standard 


iations are indicated in Table 1 Th was below 1 percent (using Th 4465.34A ) 
sepal ited Ox} lt that the concentration oft ill oxides was expres ed 
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T OF METALS IN HYPOGENE VEINS 
IN ARKANSAS 


YNDON L. FOLEY 


of metallic minerals in hypogene veins has been 
many localities and by many observers De 
lLauney was perhay he first to publish such ol in 1900 
Spurr (2) discussed zonal arrangement in 1907. McAllister (3) discussed 


the zonal arrangement of metals in Cornwall in 1908. W.H. Emmons (4 


made an intensive study of zonal arrangement which was published in 1933 


servations 


Table 1 compares the zonal arrangements proposed by these authors. Numer 
ous other papers on this subject have been published An excellent bibliog 
raphy is appended to Emmons’ paper 


i 
De Launey’s Bonanza Gold Zone, Spurr’s Zone 5 and Emmons’ Zones 


tand 5 appear to be characteristic of late Cretaceous and early Tertiary veins 
of the western United States, particularly in the Great Basin area (5 The 


magmas that produced the mineralized veins of Cornwall appear to have been 


deficient in gold and bismut! 


An area in the Ouachita Mountains and the Athens Plateau of Arkansas 


extending westward across the state line into Oklahoma, has numerous quartz 
is, although no quartz-l 
veins carry metallic minerals 


earing igneous rocks outcrop in the area. Many 


Mercury area of Pike County, Arkansas, extends about 30 miles 

an east-west direction and passes about 10 miles north of Murfreesboro 

Reed and Hansell (¢ report that cinnabar occurs disseminated in sandstone 

and in vein quartz, 1 that stibnite occurs with the cinnabar in Sec. 6-7S 

25W This is probably tl eginning of a transition from the Mercury Zone 

to the Antimony Zone 

The antimony area of Arkansas extends about 7 miles in a northeasterly 

direction and about miles southwesterly from Gillham, Sevier County 

reports tl in the Antimony Bluff Mine, in Sec. 6-75-30W, 

| ran to appear with the stibnite at a depth of 30 

\ vein which produced stibnite near the surface 

nged lepth of 90 feet to zinc blende and galena low in silver, 

little antimony \pparently the silver zone is absent Published 

assays of stibnite samp! show no silver or small traces Assavs of galena 
samples show appreciable amounts of silver 

The Bellah Mine in Sec. 27-7S-32W. about 6 miles southwest of Gill 

ham, Seiver County. w discovered at some time prior to 1858. Lead o 

curred in a quartz vei nd was mined the Confederates during the Civil 
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War by means f a shaft and a drift at the 44-foot level The present 
abandoned workings, described by Bain (9) and by Miser and Purdue (10) 
extend to a depth of 165 feet and a distance of 200 feet along the vein 
Galena is most abundant above the 115-foot level and sphalerite most abundant 
below that level. The galena and sphalerite are accompanied by silver and 
germanium, the silver being more abundant with the galena and germanium 
more abundant with the sphalerit 

Spectrographic tests of galena and sphalerite showed gallium with both 
and cadmium, cobalt, nickel, tin and arsenic with the sphalerite 

Test pits showing white quartz with traces of galena and sphalerite occur 
to a distance of 350 feet east of the workings. Farther east the quartz is 
heavily stained with hematite and limonite which probably indicates the surface 
exposure of the copper zone 

rABLE 1 


ARRANGEMENT | ETAI HYPOGENE VEINS FROM THE SURFACE DOWNWARD 


Zine 
Tetrahedrite 
Chalcopyrite 
Gold 
Arseni: 
Bismut 


Pungster 
Tin 
Barren 


recent core drilling 150 feet east of the workings cut the vein 


it 83 feet vertical depth and a 300 feet east of the workings cut the vein 
at 158 feet vertical dept! 1 both cases, the vein carried chalcopyrite below 
the riace showings ol § "Tl ind sphalerite 

Spectrographic anal of » chalcopyrite showed traces of gold, which 
did not appear in the lead or zinc zones, and also traces of cobalt, nickel 
ind uranium, which occur normally with copper. There were also traces 


of silver arsenic, tin, rubidium, Strontium, titanium, zirconium and yttrium 


Che occurrence of traces of arsenic and tin with the sphalerite and copper, 


; 


trace of gold with the copper, suggest the possibility that zones of 
‘all of these metals may occur below the copper zone 


mineralized veins in west-central Arkansas show zonal arrangement 
metals from mercury down to copper, with the silver zone absent. The 


possibility of lower zones of gold, arsenic, and tin may be inferred 


~ 





wy 


The spectrographic analyses of galena and sphalerite were made by the 

laboratory of Dowell Division of Dow Chemical Company, Tulsa, Oklahoma 

The spectrographic analysis of the chalcopyrite specimen was made by 
arles O. Parker & Company, Denver, Colorado 
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AND YTTRIUM IN MINERAL VEINS 
IN ARKANSAS 


LYNDON L. FOLEY 


Seleniun It has been stated that selenium may be found with any ox 
currence of sulfur. Emmons (1) lists selenides as a group among the 


minerals of the epithermal zone but not under any other thermal environ 


ment of deposition The selenium used commercially is derived as a by 
product of copper refinit 


a 


\ number of samples of sulfide minerals were collected in the Ouachit: 


mountain area and assayed for selenium. The results are talwlated here 
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hese samples cover the range of zonal arrangement from mercury down 
to copper It is interesting to note that selenium was found only in the lead 
ind zinc zones, and the best showing of selenium was found in a galena 
specimen. The chalcopyrite specimen showed no selenium, although galena 


and sphalerite from the same vein showed traces 


The above described specimens are too few in number to justify dog- 


gz 
matic conclusions. The above data are offered in the hope that they may 
be of interest to someone making a more comprehensive study of the ox 
currence of seleniun 

All selentum assays were made by Charles O. Parker & Company, Denver, 
Colorado 

Rubidium and Yttriun Rubidium is found principally with the lithium 


mineral lepidolite and also with microcline feldspar, pollucite, and biotite, all 


which minerals are characteristic of pegmatites. It is reported that rubid 


ium and cesium generally occur together (2 


Yttrium is said ily associated in nature with rare earth min 


erals, and to be found witl earth minerals dis unated in veins in 


igneous rocks, in pegmatite ind in contact-metamorphic deposits, carbons 


, 


| 5 


nd in placers derived f1 hem | 
The Bellah Mine, in S« d-1 s2\\ vier County, Arkansas, operated 
a quartz vein that carried lead at tl irf while sphalerite predominated 


125-foot 


' ' ‘ ‘ 
} } 
(n“ eve Vi . ’ . | led ‘ 4 +} 


elow the ne pre sently 
ibandoned workings 
which showed 
\ spectrographi lysi i ilcopvrite specimen (4 
vein showed traces of rubidium and yttrium, although neither was 
in similar tests of galena and sphalerite specimens from the same vein (5 


Rubidium and yttrium : be characteristic of high-temperature en 


vironments of disposition | the copper zone occurs in a higher temperature 


zone than lead and zin 
The spectrograph ialysi howed no traces of lithium or of any of 
the rare earth minerals hough lithium and cesium minerals in pegma 


tites commonly carry pparently it may occur in mineral veins 


without lithium or ce ssibly the rare earth minerals invariably 
carry yttrium but apparently 1 ivy occur in mineral veins in the absence 


of rare earth minerals 





RATE CONTOUR INTERPOLATOR 
OWEN T. MARSH 


Contour maps are widely used to represent topography, geophysical anom 
alies, rainfall, geologic structure, ground-water levels, and many other fea 
tures. These maps consist principally of contour lines that represent equal 
quantities or magnitudes of data in a given area. The most familiar type of 
contour is that shown on topographic maps to indicate the altitude of the land 
surface The topographic contour line will be used in this paper as an ex 
ample On a topographic map every point on a given contour is at the same 
iltitude above mean sea level. The difference in altitude between two adja 
cent contour lines is called tl ontour interval. Just which contour interval 
is chosen—10, 25, or 50 feet, for example—depends on the number and dis 
tribution of control points 

\fter the data are collected, the first step in preparing a contour map is 
to plot all the known control points on the map. In the case of a topographic 
map, these would be the altitudes at different points on the lan 


; 
] 
i 


surtace The 


next step is to locate by interpolation (assuming a uniform gradient) the 
positions of the contour lines between these points. For example, assuming 
a contour interval of feet, three contour lines will pass between a point A, 
23 feet above sea level, and a point B, 57 feet above sea level 


The task of interpolating is tedious and time consuming, and none of the 


several methods in common use is entirely satisfactory One method is to 


connect the two points by a straight line, and then from the lower point lay 
1 distance on the line proportional to the difference in altitude between 
1¢ lower point and the first contour. In the example given above, the 
ference in altitude between point A and the 30-foot contour is 7 


) ‘ 


hetween A and B is feet. Thus, the 30-foot contour would lie 
the map distance fron ( B: and the 40-foot contour would lic 17 
the distance from o B. Consequently, the positions of these contours can 


be located witl ie aid of a measuring scale Although quite accurate, this 


til 


method is exceedingly time consuming, owing to the large number of arith 
metical computations tl { be mace 


At the other extret 1 “eveball’ method, in which contours 


simply sketched tn by This procedure is fast but inaccurate 
used for making ig! ips that will convey a general idea 


topography, but ceptable for more refined work 


\ widel 1 method of interpolating contours employs 
divider, ; al ib] 1 | device The disadvantage 
tl 


strumet 1 at mos | dat: it have values it 


tweet! interval at ea 


with the rest 
only approximate 


nethod or the 10 








probably has often resu 1 in contouring anomalies that do not exist; during 
led 


the more refined pl ises Ol a project, greater accuracy of contouring is nee 
than can be achieved with either the 10 port divider or the “eveball’” method 

he writer has invented a simple device (Figs. 1, 2, 3) that is fast, a 
curate, and 
graphical method of di ing a line into any number of equal parts; besides 


easy to u is a mechanical adaptation of the well-known 


being faster, the dey voids the extra construction lines on the map, which 
are necessary for the v1 1 method In addition, it can be readily con 
structed from materials costing about $2 (in contrast, a 10 point divider costs 
about $35 iterials needed for construction of the device 


follows of sl iluminum 4 22.5 x 0.02 inches, 











FIGURE < 


PLAT DIMENSIONS (BEPOP: BENDING) 
OF PARTS A, B, C, AND C’ OF THE 
CONTOURPOLATOR. PARTS A AND 

B ARE COMPOSED OF THIN ALUMINUM 
SHESTING, PARTS C AND C' OF 
FLEXIBLE CLEAR PLASTIC. PARTS 
ARZ TO BB FOLDED ALONG DASHED 
LINES AS POLLOWS: t - FOLDED ToO- 
WARD OBSERVER, a - FOLDED AWAY 
FROM OBSERVER. (DRAW! APPROXI - 
MATBLY TO SCALS). 
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a rectanvular aluminum bar 31 


7 
1} iteT . n be obtained at many hardware tore Onther 


materials needed clude rubber cement plastic aluminum, and permanent 


transparent n ly y¥ tap Necessary tools 1m ticle i ha ksaw tin 


hile, scissors, two wood clamps (to hold the sheet aluminum for be 


hammer, engineer's , jastic right triangle, and typewriter 


- ; : 7 ‘ ol ‘ - 99 : 
| , . d ti mtourpolator consists of four primary part 
im aml C made of plastic (Fig. 3 The mai 
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shaft A, along which the sliding sheath B moves, is 16 inches in length. Both 
parts have shallow troughs at their right-hand extremities, in which the sliding 
bars D and D’ can move at right angles to the main shaft. The bars are 14.5 
inches long. Transparent plastic covers C and C’, 
mending tape, keep the bars in the troughs; 
F, and F’ cemented to the ends 
the troughs. Stoppers F and F 
back and forth 


secured with transparent 
and aluminum stoppers E, E’ 
of the bars keep them from slipping out of 

serve also as handles for sliding the bars 
Che stoppers are attached to the bars with plastic aluminum 
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FIGURE 5 
DIMENSIONS OF FINISEBD CONTOURPOLATOR 


MAIN SHAFT 
SLIDING SHEATH 
~ PLASTIC COVERS 
~ SLIDING BARS 
- STOPPERS 
- SETTING BANDLSS 


(DRAW! APPROXIMATELY TO SCALs. 
WUMBERED MEASURING SCALES GLUED 
TO SLIDING BARS NOT SHOW) 

















Fic. 3. Dimensions of Fir 


ished Contour 


Next, a st 


inch) is glued to the upper surface of | 


each bar with rubber cement. The 
easiest way to make these scales (which are 


is to draw a vertical line down the center of 
paper, and then with India ink draw a 


inch apart so that they 


murror images of each other) 
a sheet of good-quality typing 
series of short horizontal lines 1/10 
ire Insected by the vertical line. Numerical inch 
livisions are then typed at each end of the proper horizontal lines. For 
gieaver flexibility of use, a second set of numbers is typed alongside the first 
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set ; the second set is twice tl alue of the first set. This extends the direct 


} 


reading range of the scales to 200. How the scales may be used for values 


ic 
greater than 200 will be explained later. Finally, the two scales are cut 
’ 


long the vertical line and trimmed to fit the bars TI 


apart a 1 scales are 
covered with transparent mending tape. The under surfaces of the bars and 

the sliding sheath also are covered with this tape to protect the drawing 
paper from being marked by the aluminum. Next an index line parallel to 


] | 


the main shaft is scratched across the ids of the plastic covers and 


1 
vertically down the inner sides tow th lrawing paper 1 which the 
instrument is to rest The scratched lines are filled with India ink and 
covered with permanent mending tape 
The “Contourpolator” is simple to operate The same example as was 
given earlier will be used in the following explanation First connect two 
) 


control points (23 and feet the example) on the map with a straight 


Place the ‘ | ”" on the map and adjust it by moving the 


sheath so th is in contact with the index line inscribed on 
+} 


f ind pla cover and the other point touches the index 


istic cover (Fig. 1 Next move the left-hand 
bar up or down so that the altitude of the first point (57 feet) is 


licated on the scale by the index line. In like manner set the right-hand 

23—the altitude in feet of the second control point. To find where 

the 30-foot contour intersects the line connecting the two control points, 

simply lay a straightedge, such as a large plastic triangle or a T-square, across 

the instrument with its edge at 30 on the left scale and at 30 on the right 

scale Where the straightedge crosses the line between the two control points, 

make a pencil mark; through this point will pass the 30-foot contour. In 

the same wav connect 40 on the two scales, and then 50, in each case marking 
where the straightedg« rosses the line between the control points 

To avoid errors of parallax in placing the pencil mark, it is desirable that 

1 straightedge (a plastic triangle, for « xample at least 4 inch thick be used 

When the pen il mark is n ude, one’s eve should be directly over the edge ot 

the plastic triangle moving the head slightly back and forth, a position 

will be found in whicl dge of the triangle becomes a fine line The mark 

then made w | rojection of this line crosses the line between the 

ontrol points 

If the values of tl rol points are greater than 200 (for example, 350 

$50), mentally add a zet » the numbers on the scales, just as in reading 

rule Very large val of control points, such as 4,127 and 3,878, 

reduced to w kabl as follows (a W rite down the values of 

| hetween them write the value of the contour next 


ntrol point It the followi1 example a contour 


ed: 4,127 (control point); 3,900 878 (control 
the three numbers substract as many even mul 
nec t the smaller ot the two control points in 
ve 327, 100, 7% } and 7} 


ntourpolator,”’ and the 3,900-foot contour can be 
intermediate number in step (b)—in this case 100— 
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on the two scales with a straightedge in the same manner as described earlier 
The 3,925-foot contour is found by connecting 125 (that is, 100 plus the 
contour interval of 25 feet) on the two scales with the straightedge, the 3,950 
foot contour by connecting 150 (that is, 125 plus the contour interval) on the 
two scales, and so forth. Most of this procedure for dealing with large 
numbers can be carried out by mental calculation 

The “Contourpolator” has been used in a field office of the Ground Water 
Branch, U. S. Geological Survey Its use has made possible the construction 
of contour maps with accurately spaced contours in considerably less time 
and with less effort than required by other methods 


U. S. GEoLocicaL SuRvVEY 
PENSACOLA, FLORIDA 


Vay 24. 1960 





Rconomic Geology 
Vol. 55, 1960, pp. 1561-156 


DISCUSSIONS 


THE MINERALIZED CONGLOMERATES OF BLIND RIVER 


Sir: Since many of your readers are doubtless weary of the seemingly 
interminable discussions on the genesis of the Witwatersrand and Blind River 


ores, | must curtail this reply to the criticisms of my earlier papers. For 


tunately a fall account of the present state of this controversy just published 


elsewhere (1) enables me to restrict this letter to a demonstration of the 
contradictions in the latest placerist arguments 

First, S. M. Roscoe ?) takes issue with my generalization that in the 
radioactive horizons of the Huronian |z7.nd Witwatersrand] strata there is 
“a consistent sympathetic relationship of the heavy uraninite with the much 
lighter pyrite, and an antipathetic relationship of pyrite to the equiponderant 
monazite,” such a relationship being incompatible with alluvial deposition 


This generalization must be considered in the context in which it was made 


(3), that is with reference to the geochemical pattern of radioactive mineral 
ization in these formations as a whole and not solely in the ore zones. My 
critic states: “This revelation is so baseless that I hesitate to repeat it even 
for the purposes of refutation. . \s a matter of fact pyrite: U,O, ratios 
are lower in most uraninite-rich ores and are highest beyond the margins of 
ore-bodies in monazite-bearing conglomerates, which may contain as much 
pyrite as ore conglomerates but no detectable uraninite or brannerite.”’ 

Let us consider this “matter of fact.” The tenor of urania in the monazite 
of the Marquette trough (the only Huronian monazite deposit that has been 
widely sampled) is 0.22% (4), that of the orange monazite from the Algom 
Quirke conglomerate is 0.31% (5), and that of the monazite in the nearby 
granite-gneiss is 0.38% (5 giving an average of say 0.30%, which is about 
the usual content in monazite. The tenor of urania in uraninite (say 66% 
is more than 200 times greater than this. In two hypothetical rocks bearing 
the same pyrite: urania ratio, one carrying uraninite as the sole radioactive 
mineral and the other similarly carrying only monazite, there must therefore 
be at least 200 times more pyrite accompanying the uraninite than with the 
monazite Cor sequently 1 Roscoe’s analytical data are correct he must 
demonstrate, before he can demolish my “baseless revelation,” not that “‘the 
pyrite: UO, ratios are lower in most uraninite-rich ores” (which is a point 
f no relevance whates but that in such ores the critical ratio is consistently 
more than 200 times lower than in other radioactive horizons throughout the 
Huronian success ignificantly he makes no attempt to provide thi 
evidence 


} | 


The discrepancy between Roscoe’s conclusions and my own is however 
resolvable, for although my remarks apply to the regional distribution of 
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radioactive minerals my critic |} concerned himself solely with local occur 


rences of monazite-bearing conglomerates within or surrounding the ore 


zones. Here he has demonstrated (5) the presence not only of the regional 
monazite, of an orange color and with about 0.30% U.O,, but also of a 
uranium-high monazite (often gray in color), intimately associated with the 
uranium ores, which in three specimens carries 0.95, 1.65, 2.9% U,O,. This 
important new discovery was of course unknown to me when, in January 
1955, I recommended on the basis of chemical assays that the future uranium 
plants should make provision for by-production of thorium Recent geo 
chronological studies on the orange monazite and associated zircon conducted 
by Mair and others at the University of Toronto (6) give ages of 2500 m.y 
(with uraninite and brannerite dated at about 1700 m.y.). results which ar 
in keeping with a detrital origin for the former minerals. But the gray 
monazite is, | suggest, of quite a different genesis. Excluding a few records 
of the rare related species known as cheralite, it has by far the highest uranium 
content ever recorded for this common and much-analyzed mineral. What, 
may I ask, is the more reasonable of two hypotheses—(a) that this unique 
uranium-high monazite originally outcropped in the same province as the 
uraninite, that notwithstanding the difference in specific gravity it was swept 
along with the uraninite by hydraulic agencies for tens or hundreds of miles 
to the site of the ore deposits na lat as soon as it arrived there it was frac 
tionated off hydraulically to give aureoles around the uranium ore: or (b 
that the two uranium-rich miinerals co-exist. with some zonation. because 
they were deposited together epigenetically from the same uraniferous fluids ? 
On this issue perhaps future geochronological studies will confirm the self 
evident interpretatior Meanwhile it should be borne in mind that the epi 
genetic (apparently uranium-ricl monazite of Sub-Nigel in the South 
\frican banket is undoubtedly co-eval with the uraninite there and with the 
monazite in the Bushveld granite which invades the Witwatersrand strata 

v it is « st to nsider the contribution by D. S. Robertson 


and N lat wl dduce as their principal uncontroverted evi 


dence im fa placerism the circumstance that the ThO,: U,O, ratio in 
the ore zones varies as a normal gravity grading, “with light minerals (mona 
zite) moving further thar ivy ones (uraninite).””. They demonstrate 


from the limentary structures of the Mississagi sandstone that the “palaeo 


streams” have entered from the north-east and north, in this reaching mucl 
the same conclusions as McDowell (8) who showed that the basin was filled 
by sediments from the north-west. This feed-in from a northerly direction is 
correlated with a reported s ward increase in thorium within the ore 
zones. But again v vonder how it comes about that the “detri 
tal” pyrite Is 1 ich ovet Iming quantity with the uraninite and 
brannerite ©o i | ! kdom torms less than 10 percent instead of 
being carried « wit] much rarer monazite to which it more closely 
approximates in s rravity Even more remarkable is the circum 
stance that wl i! Ing ith their hypothe S1S Robertson and Steen 
land report an increase O, ratios southwards down the palaeo- 
slope throughout the province as a whole, this conclusion is the very antithesis 
of the generalization arrived at from the early prospecting work which, at 
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the time of my visit 1 ember 1954, demonstrated an overall increase in 


thorium relative to uranium from south to north This latter conclusion 
is strikingly substantiated by the painstaking statistical study of Roscoe and 


Steacy (9, Fig. 2 who for example record that the ThO.: UO, ratios nu 


the ore conglomerates of Elliot Lake range from 0.12 to 0.5, whereas at 
Quirke Lake to the north they range from 0.12 to 4.0. Further, concerning 
the individual ore zones, these authors mention that “The lowest ThO,: U,O, 


ratios are found in the central parts There is a lateral increase towards and 
beyond the boundaries of the zones.” Such a radial distribution pattern 1s 


f course wholly inexplicable on the grounds of placer theory—but it 1s 


quite in keeping with hydrothermal zoning Regrettably Robertson ana 


Steenland seem t l been unaware of all the earlier work contradicting 


their conclusions, sit no reference is made to it in their paper 


Third, there are ne curious mis-statements of fact in the recent argu 
ments that should not be permitted to stand Elsewhere (1) I have refuted 


with detailed evidence the widely held but erroneous conceptions (a) that 
hydrothermal uraninite is always poor in thorium and rare earths: (b) that 


unnerite is an uncommon mineral in hydrothermal environments; and (« 
the country-rocks of the bankets are virtually unmetamorphosed 
devoid of hydrothermal alteration New errors now appearing include 
issertion that thorite may enter monazite in solid solution; but it 1s huttonite 
the monoclinic { ,, that is tsostructural with monazite The 


South Africa ntal work which is quoted as proving that “uraninite 


is physically quite stabl whatever that may mean) does no more that 


demonstrate that u inite has about the same hardness as monazite and 1s 
much harder than fluori ir barite! 


Another remarkable mis-statement is Roscoe’s claim that very few sedi 


ments of sand and gravel size have been analyzed for their uranium and 


thorium contents, and that radioactive mineralization of unquestioned detrital 
not been assayed for these elements. This displays a complete 
for the researches of the last sixteen vears It is true that the 

Geological Survey of Canada has given little attention to the tenor of 

active elements in placer deposits—but the investigations of other Surveys 

whose reports are adily available in Ottawa, demonstrate by several hundred 

chemical assays of heavy concentrates from all sorts of sedimentary environ 


ments that in mi rn sands and gravels thorium is consistently in excess of 


i 
} 


uranium. The numb f recorded mineralogical analyses from which the 
same conclusions ca lrawn must run into many thousands. Only in one 
or two final clean-up ncentrates from primitive gold and tin washings, 
unrepresentative ol any natu al issemblage, has the reverse re lationship been 
seen. If Roscoe wi claim that these data are “not a proper basjs for 
a criterion,” h ould frain from attempts to befog the issue by the intro 
duction of i uch as the Gulf Coast granite wash, and bring 
odern placer dep sits that support his thesis 

er jumps to conclusions when he avers that 
and the Witwatersrand have been “formed 
known to have recurred on an 


r more.” It might just as 
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»] 


readily be argued that the Plateau-type uranium ores of the United States 


and Central Asia accumulated under special conditions unknown before 


Mesozoic and Tertiary times. The important occurrence of banket ores 


bearing a Plateau-type mineralogy in the Proterozoic of Mounana in French 
Equatorial Africa (10) demonstrates that the two major kinds of uranium 
ore deposit have genetic affinities. True, virtually all the commercial output 
of the bankets comes from the Precambrian shields and not from later strata, 
and the major deposits in South Africa, Canada, Brazil and Finland are all 
relatively ancient; but is this really remarkable if the deposits are hydro 
thermal? Where does 92 per cent of Canada’s gold come from?—from 
hydrothermal deposits in the Canadian Shield 

Roscoe's concluding assertion that there is no evidence in the bankets of 
any gangue mineral or of significant trace elements also merits examination 
What is the 10 to 12 percent pyrite in the reefs but a gangue mineral? What 
are copper, cobalt, molybdenum, tungsten, etc. present in the reefs but trace 
elements? Other than the relative abundance of pyrite, is there any im 
portant geochemical! difference between the bankets and (to take a Canadi. n 
example) the hydrothermal uraninite lodes of British Columbia (11 
Robertson and Steenland now tell us that the sulphides other than pyrite in 
the Blind River bankets are all “of a late cross-cutting character, invariably 
associated with fractures or quartz veins’’—but, most astonishingly, some 
of the world’s leading mineragraphers who have reported on the ores have 
failed to notice this simple relationship! The same two workers affirm that 
Cobaltite is rare Most authors who have studied polished sections or 
heavy mineral suites from the conglomerates do not mention its presence” 
but of the six relevant published works listed in their bibliography one is not 
available to me and four out of the remaining five report cobaltite, as do also 
a half dozen other authorities that are unlisted. It is only due to the absence 
of a cyanidation step in the Blind River metallurgy, with a consequent absence 
of cobalticyanide poisons from the ion-exchange plants, that the presence of 
cobalt here has failed to be as widely recognized as on the Witwatersrand 

Finally, one pedantic point [ am sure the shade of H. V. Ellsworth, 
that great Canadian pioneer of radiogeology, is much more perturbed at the 
constant mis-spelling of THUCHOLITE by his fellowcountrymen than at 
their regrettable mis-spelling of his own name. He named this mineraloid 
from its constituent elements, Th, U, C, H, O -lite. Nowadays the H for 
hydrogen is more often than not omitted, betraying a disrespect for etymology 


and mineral genesis alike ; 
“ ( F. Davipson 


UNIVERSITY OF St. ANDRI 
SCOTLAND 
luqust Y, 1960 
REFERENCES 
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ISOTOPIC COMPOSITION OF LEAD AND PRECAMBRIAN 
MINERALIZATION OF THE COEUR D'ALENE 
DISTRICT, IDAHO 


leth and they slew him at the passages of Jordan 
risking isotopic decapitation to query a decision 
liments are older than the Ep-archaen interval! 
several geologists, one of whom is older and mucl 
ire skeptical as to the average accuracy of isotopi 
inalyses and consequent ratios For mv book. there are still some refine 
lerits required to make such estimates the law of the land for the age of these 
ld rocks. Surely, the alteration, the degree of metamorphism, the stratig 
raphy, and the relationship to intrusives, are entitled to some consideration 


is evidence in determini he age of any well bedded rocks 


wish Judge Wood, who formerly considered all of the evidence and 


idgment on the geologic controversies in the Coeur d'Alene for a 
twenty years, could consider the testimony of Mr. Kulp and his 
along with the publication of Ransome and Calkins, and the testi 
mony of men like A awson, J. F. Kemp, Oscar Hershey, and a host of 
thers, who like myself w students of the Coeur d'Alene rocks and ore 
hodies for many years us not yet discard all other evidence of the age 

orebodies and the ro in which they occur, in an “ipse dixit”’ attitude 

I might add that found a fossil on Kellogg Peak in the Revett 
quartzite Lawson, for whom I was then acting as an assistant, submitted 
it to his colleagues at tl niversity of California and I think they thought 
it a trilobite 

I have been pleading that the Isotope boys have fields, in which real con 
tributions to the genesis of orebodies can be made, by comparative ratio de 
termination of the leads and sulfurs of Mississippi-type orebodies, and of 


the small bits and trace element lead in the sediments that surround them 


1K) Pa were Frep SEARLS, JR 
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Physicochemical Principles of Analysis of the Paragenesis of Minerals. By 
D. S. KorzHinsky Pp. 184, 86 figs Akademiva Nauk SSSR, Moscow 
1957. Circulation, 2,000 copi Price, roubles 12.30. (In Russian.) 


Academician Korzhinsky is an outstanding scientist known for his studies 
ore genesi ind petrology 1} ! iit subjects te itured in his book are the 
thermodynamic principle ) ly of the paragenesis of minerals, methods of 


- 


rraphic representation of chemical composition under constant conditions a1 
environment, the cde yf mineral composition on external conditions, an 
general remarks on th pI f paragenetic analysis of minerals in geology 
The author : he paragenesis of minerals formed s multaneously 
during etamorphis ler , the minerals as the product of a definite stage 
of the process hinsky d ) ; f systems with entirely mobile 
components and g1 he aractet ics O r thermodynamic potentials 
concept was proposed i 936 a basis for the study of physicochemical regu 
larities of natural processes of rocl d ore formation The main part of the 
work is dedicated to tl} terp f different analytical methods concerning 
the dependence of inet mpo m on chemical composition, temperature 
pressure, and chemical pote f mobile components under conditions of chem 
ical equilibrium. These methods have been elaborated by the author for twenty 
years and have been the subject of previous articles and lectures. In his con 
clusion Korzhinsky mentions the difficulties of solving an inverse problem, the 
elucidation of equilibrium factors according to the observed paragenetic relations 
minerals \ reference n or iginal publicatior s dedicated to this subject 
\ vel approacl » thermody) mic systems, under an assumption that some 
of the components are et ly mobile launched a vivid discussion among Russiat 


petrologists and geochemists. | nteresting that opinions have been expressed 


ibout the fall recent action of the Commission on chemical 
thermodynami tated with tl sion of chemistry of the Academy of Sci 
ences, after a thorough ar nd deliberation of the concept, concluded that 
Korzhinsky’s thermodynan fun corresponds to given conditions Chet 
is, however, a reservation indi ng that the applicability of this function to ge 
chemistry was not consi d (\ |. Gerasimov, Thermodynamic potentials 


nents, as proposed by D. S. Korzhinsky 


hysical chem represents 


} . 1 
ryeoiogical 
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An English translation of this book was published in 1959 by the Consultants 
jureau, Im (New York), on behalf of the Geochemical Society, with financial 
assistance provided by a grant of the National Science Foundation (price, $7.50). 
Some minor flaws may be discovered here and there, as the English translation 
is compared with the Russian text (¢.g.: given volume vs. constant volume, p. 41; 
tenses are confused, p. 14, sentences are omitted, p. 138; etc.). The English 
translation is not always clear. In general, however it is a satisfactory English 


} 


version of Korzhinsky’'s | he Geochemical Society deserves a sincere com 


| 
i 
pliment for its contribution to English speaking readers 


EUGEN! \ ALEXANDROV 
COLUMBIA UNIVERSITY 
New York, 


> Ti 


lune 1960 


Principles of Geochemicai Prospecting. By |. |. Ginzeurc. Translated from 
the original Russian by V. P. Sokoloff Pergamon Press, 1960 


Ginzburg’s monograpl or geochemical methods of prospecting tor mineral 


25 years of research and field 


deposits represents immary of the results of 
applications by Soviet geologists and geophysicists. Very little of this material 
has previously beet lable outside the Russian-language literature The Ginz 
burg volume, therefor ure to fill an important place in the literature of mineral 
C xploratior 

This book ts base« ) materia! presented at the All-Union Conference on 
Geochemical Prospecting in Moscow in the Spring of 1956. Forty-eight papers 
covering all aspects of both research and production activities in the Soviet 
Union, were presented at this meeting. Dr. Ginzburg, who for many years has 
been a specialist in the geochemistry of weathering at the Institute of Mineral 
Deposits of the Moscow Academy of Sciences, was selected to organize and 
summarize the material brought forth at this conference The texts of the ir 


been published in Russian under the editorship of V. | 


dividual papers have 
Krasnikov, of the Ministry of Geology and Conservation No English translation 

he transactions volume is yet available 

\ P. Sokoloff. the Russian-born translator, has had extensive first-hand 
experience in geochemical prospecting research. He is therefore fully acquainted 
vith the technical lang * of geochemical prospecting in both Russian and 
English In a special sary section, the translator has assembled an excellent 
| 


explanations of the soil terms used by Ginzburg 


ind in almost all cases are very much 


ve been redrawn 
than in the original Russian text 
llowing are chap ] ~adings with notes on contents and with a 
lirect quotatior 1 n of the more significant conclusions 
Introduction hist il review 
{nalytical Investigations—A review he principles 
orimetric and other analytical methods are based 
icers—A review of the use of indicator elements 
pathfinders”) in exploration The author discusses 
serpentine laterites by the Ni: Co ratio and the 


epigenetic form sedimentary ores by the Ba: Sr 
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ratio; the use of Hg as a guide t ‘ base-metal sulfide deposits, B as a 

guide to skarm-type mineralization, and as a guide to porphyry-copper deposits 
Chapter 3—Accumulation of Metals in Igneous and Metamorphic Rocks—A 

summary of current Russian theories on the origin of epigenetic ore deposits The 


relationship between ore-grade concentrations of metal and primary geochemical 


dispersion patterns is discussed at length 

Chapter 4 {ccumulation Sedimentary Rock—A fairly extensive 
discussion of the major- and minor-element geochemistry of sedimentation and 
of sedimentary rocks 

Chapter 5—Prospecting ; s—Primarily a discussion of dispersion 
patterns of ore metals and ulicator elements in the country rock of orebodies 
It covet secondary cispersior of weathering products and gaseous dispersion ot 
volatile elements into the wall rocks as well as primary dispersion by the mu 
eralizing solutions 

Chapter 6—Prospecting for Deposits without Surface Outcrops—A discussion 
of leakage halos over blind ore deposits It is brought out that the volatile and 
mobile components of the ore fluids that give the most useful leakage halos are 
not necessarily the principal constituents of the ore itself his group of mobile 
elements include Hg As Sb Bi | B, Ba he) | and occasionally \g Se, le 

Chapter 7 fecum sion ¢ eta n Unconsolidated Overburden—A review 
~ the geochemis I hering and soil tormatior 

»f the Overlying Mantle—A « 

ion oO 1 | pr n untered in geochemical soil surveys 
questions of ng : 1] e of samples, depth of sampling, gt 
ind requiremen sensitivity d reliabilitv of the analvtical method 

Chapter igrat f ha Haters An extensive discussion 
ron hemica hel wr rf t let ts 1 surtace watet The mobility 
weathering cycl f t 1) mo mportant elements | 
separate ectiotl 

Chapter 10—H ydrogeoche: ! Tro cline fals and Charact 
of Different Water I ypes crat wth osit \ continuation of the 
discussion of the geochemical behavior of n 1 ‘e waters, with emphasis 
on practical prospecting problems 

Chapter 11—T7he Biogeochen 
ot plant analysis as a prospecting 

Chapter 12—The Geobotanical Method of Prospecting—Largely a review 
non-Russian literature ot ulicator plants Mention is made of “Kachim,” a 


perennial grass of the carnation family, whose distribution in the copper districts 


j 


the Rudnyi Altai “marks exactly the boundaries of the copper-bearing rock 


Chapter 13—Genera re i n Reference to Geochemical Surveys \ 


very general discussion of problen in the choice of the geochemical method, 


ind in the preparation aps d interpretation of data in geochemical pros 


pecting surveys. Emphasis is placed on the integration of all applicable explora 
tion techniques—geological, geophysical, and geochemical—in a “rationalized 


system of exploration Fascination with geophysics leads only to an accumula 


tion of countless kilometers ] or | ixes without anv possibility ot thet 


evaluation from the geologi . of view.” Many years of experience have 
shown that pl vsical explor ition of percent ot the sites recommended on 
the basis of the integrated exploration approach led to the discovery of mineralize 


zones 
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ippendix—Rapid Methods of Determining Lead, Copper, Tungsten, Molyb 


denum, and Silver in the Field—A collection of colorimetric analytical procedures 


UNIVERSITY OF CALIFORNIA H. E. Hawkes 


Dept. or MINERAL TECHNOLOGY, 
BerkeLey, CAL 
June &, 1960 


SHORT REVIEWS OF NEW RUSSIAN BOOKS 


Almaznye Mestorozhdeniya Yakutii. | Diamond Deposits of Yakutia.] By 
4 P SOBRIEVIE iH and others. Pp 528 hgs 333 (61 Lh color ) CGosveol 
tekhizdat, Moscow, 1959. Price 52r. 30k 


Ihe story of the discovery of diamantiferous kimberlite pipes in western 
Yakutia, the first in 1954, 14 more in 1955, and 120 by the end of 1958, has now 
been told in many Russian publications, but this well produced prestige volume 
provides the most compre hensive and up-to date desc ription ot the extensive 
geological, petrographical, and mineralogical researches on these deposits recently 
conducted on behalf of the Ministry of Geology. It thus materially supplements 
the book Almazy Sibiri published in 1957 (see Econ. Grow., v. 53, p. 220) he 


vork is divided o four parts, dealing respectively with the geology of the 


he petrography of the kimberlites (166 pp.), the 


' 
diamond field t 
mineralogy « | kimberlites (100 pp.). and the mineralogy of the diamond 
140 pp.) With its alth of analytical and other detail it can fairly be ce 
scribed as the most cor prehensive monograph vet published in dese ription of any 
diamond field, and st indards of book production 1t approaches the well-known 
two-volume work he Genesis of the Diamond,” by A. F. Williams, on which 
many of the Sov studies have been founded In an overdue departure from 
South African tradi ! xenoliths in the kimberlite mush are no longer classi 
fied into cognate (ultrabasic rocks, eclogites) and accidental ( garnet-pyroxen 
granulites, anorthosites, crystalline schists, etc.); but a seemingly artificial dis 
tinction is still made between “true eclogites” and “eclogite like rocks,” the latter 


containing plagioclase The view that such plagioclase-eclogites (typically de 


le 
veloped im vgarnetiferous anorthosite facies of the Basement) are not isofacial 


with “true eclogites’” is widely held by metamorphic petrologists—but this is 
dificult to maintain in the light of a recent discovery ( Doklady Akad. Nauk 
1959. y 126 p 
monograph eschews cot oversial questions on the origin of the kimberlite, of 


ss 


637) of a plagioclase-eclogite rich in diamonds Wisely, the 


the xenoliths. and of the diamonds that both contain: but by virtue of the immenss« 
umount of factual information which it presents it is of outstanding interest to 


the academi petrol wrist nd to the economi geologist alike 


Geologicheskoe Stroenie i Almazonosnost’ Yugo-Zapadnoi Chasti Sibirskoi 
Platformy. [Geological Structure and Diamond-bearing Deposits of the 
South-West Part of the Siberian Platform By V. |] Disrov and other 

. reol map Acad. of Sciences, Moscow, 1960 Price. 


/t 
| 


l-bearing district is described, lying 


Birvusa, and Vikhoreva The tenor 


he s are widespread if n 





1570 REVIEWS 


vestigations have hitherto failed to reveal the bed-rock source of the diamonds, 
but since the region is traversed by the Trans-Siberian railway it lends itself to 
exploitation and further explorations are being made The largest diamond found 
in the district is 7.5 carats, and the average weight ranges from 0.07 ct. in the 
River Uda to 0.44 ct. in the River Oka 


Tektonika CCCP. Tectonics of the U.S.S.R.]. Vol. iv $y P. E. OrrmMan 
and N. M. CHuMakoy Pp. 462 g 195+43 Acad. of Sciences, Moscow, 
1959 Price, 29r, 55k 


Chis volume comprises two major theses, one (344 pp.) by Offman on “The 
tectonics and volcanic pipes of the central part of the Siberian platform,” and 
the other (116 pp.) by Chumakov on “The stratigraphy and tectonics of the 


south-west part of the Vilyui basin.” Both describe work undertaken before the 


discovery of bed-rock diamond deposits, but they present major contributions on 
the structural geology of what is now known to be diamantiferous taiga. A 
special interest attaches to the many volcanic pipes of Jurassic age, from 20 to 
1600 m in diameter, filled with basic and ultrabasic tuffs and closely associated 
with the Triassic Siberian traps They are not diamond-bearing; and in some 
cases they contain abundant diopside-grossular-(vesuvianite) rocks of skarn 
origin, very different in chemical composition from the eclogites of the kimberlite 


diatremes 


Chetvertichnye Otlozheniya Sovetskoi Arktiki. {Quaternary Deposits of the 
Soviet Arctic By S. A. StrRetKov and others Pp. 232; with colored geo 
logical map in four sheets, scale 1: 2,500,000. Gosgeoltekhizdat, Moscow 
1959, Price 15r. 45k 


This symposium by nine authors is complementary to a work on the bed-rock 
I | 


geology of the Soviet Arctic already noticed in these columns ( Econ (sEOL., 53, 
766). its scope being restricted o the post lertiary deposits. The text is es 
sentially stratigraphical and only | 


which include alluvial diamonds on the Olenek and adjacent river basins, mammoth 


wrief notes are given on the economic products 


ivory from many regions, and placer deposits in the Polar Urals, which ar: 
unusual in containing occasional detrital molybdenite The map, in four sheets 


is excellently printed 


Mestorozhdeniya Kobal’ta. [Deposits of Cobalt By G. A. Krutov. Pp 
232: figs. 48. (Gosgeoltekhizdat, Moscow, 1960. Price. 16r. 90k 


In this digest of world literature on the mineralogy and economic geology of 
cobalt about two-thirds of the information is drawn from Western publications 
(though often second-hand and sometimes a little garbled, through Russian sources ) 
ind the remainder from the U.S.S.R The author has been writing on cobalt 
ores for many years and his compilation is quite the most comprehensive work in 
its field 


Geokhimiya Berilliya i Geneticheskie Tipy Berillievykh Mestorozhdenii. 
Geochemistry of Beryllium and the Genetic Types of Beryllium Deposits. | 
By A. A. Bevs. Pp. 330; figs. 61; tables 148. Academy of Sciences, Mos 


cow, 1960 Price 


For a dozen years or n 1 \. Beus has been studying and writing 
labl 


about bervilium mineralizatio nd t reac e volume which forms the cul 





1571 


mination of his researcl is unusually comprehensive and authoritative The 
work is in three parts art (132 pp.) is concerned with the mineralogy of 


. - 
bervilium and gives mucl w analytical data on material from the U.S.S.R 


and China Part Il pi al \ types of ore deposit pegmatiti 


hydrothermal -pneumatol yti ind hydrothermal. Part III (54 pp.) discusses 
the geochemistry of tl lement, with chapters on beryllium in the cosmos; in 
magmatic, hydrothermal, and pneumatolytic processes; and in weathering and 
sedimentation lerably more than half of the information given is derived 


from researches iv 


Izumrudnye Kopi. merald Mines By K. A. Viasov and E. 1. KutuKova 
Pp. 252; figs. 118 Academy of Sciences, Moscow. 1960. Price. 16r. 45k 


In 1830 a Russian peasant, whilst gathering brushwood, found the first Uralian 
emerald in the roots of a fallen tree Within a vear the stones had been tracked 
down to bedrock, and ever since they have been mined extensively throughout the 
district Izumrudnye Kopi The gems occur in lenses of oligoclase-andesine that 
form the cores of partially “desilicified” granite-pegmatites, with successive outer 
zones of phlogopite, actinolite, chlorite and talc, intruding serpentinites and meta 
1 


morphosed 


dunites n this monograph the geology and petrography of the 
deposits are described (58 pp.), and in comprehensive account (120 pp.) is given 
of 80 mineral species found in the mines In a discussion of the geochemistry of 
the ore-bodies (28 pp.) the presence of 60 different elements is recognized. Un 
fortunately the very poor photographic illustrations fail utterly to do justice 


the magnificent mineral specimens for which the region has long been famous 


K Poznaniyu Diageneza Osadkov. [To Knowledge on the Diagenesis of Sedi 
ments.|. Edited by N. M. Straknoy Pp. 296 Acad Sciences, Moscow 


1959. Price. 19r. 35h 


A symposium sponsored by the Academy's Commission on Sedimentary Rocks 
includes six studies on the diagenesis of sediments of the lack Sea and five 
articles on the formation of carbonate concretions in Carbor 1ferous Mesozoi and 
Tertiary strata he fir group comprises papers on the mod migration of 


ling the Black Sea; on the compositior 


the chemical elements 1 river waters tee 
of the water in bottom silts; on biogenic elements and organic matter in the 
silt waters: on of the iron in the sediments and its behaviour in dia 
genesis; and on t : ural-mechanical changes in the silts resulting fron 


diagenesis Most co ibutions contain extensive chemical data 


DAVIDSON 


Physics and Chemistry of the Earth, Vol. 3. Editors, L. H. Aurens, Frane 
Press, K. RANKAMA, and S. K. Runcorn Pp. 464 Pergamon Press, New 
York. 1959 Price. $15.00 


geochemistry 
interester 
tr 


emist 


this volume 
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geophysical investigations by Officer, Ewing, Henian, Karkrider and Millet 
Messrs. Drake, Ewing, and Sulton take up continental margins and geosynclines 
northeastern America A. G. W. Carneson has a chapter on the origin of the 
elements, and E. Roedder on silicate melt systems. Geochemistry of thorium 
and uranium is discussed by the team of Adams, Osmond, and J. J. W. Rogers, 
and geochemistry in the U.S.S.R., by S. J. Tomkeiff, who gives a host of refer 
ences Che last chapter is by D. ¢ Tozer on the electrical properties of the 
earth's interior 

The chapters by outstanding authorities in their respective fields continue 


the excellent presentations in the two preceding volumes 


BOOKS RECEIVED 


BY 


ROGER L. AMES AND JOHN E. COTTON 


Die Entwicklungsgeschichte Der Erde. Pp. 772. Veb. F. A. Brocknaus 
Verlag, Leipzig, 1959 (1960) A small text in fine print by thirty-three authors 
covering general geology (origin, minerals, rocks, oceans, erosion, structure, geo 
tectonics), historical geology, paleontolgy, maps, isotopes, economic geology, geo 
physics, glossary (extensive), tables, and bibliography 1 compact, handy refer 


CnCE 


Sixty-Seventh Annual Report of the Ontario Department of Mines, 1958. 
Toronto, 1960. Pt. 1. Statistical Review of the Mineral Industry for 1957. 
Articles by T. J. Kerry, D. A. Moppre, and others. Pp. 81. Pt. 2. Mining 
Operations in 1957. Doris J. Fiero. Pp. 183. Pt. 3. Geology of the Gripp 
Lake Area. I. I’. LANGrorp. Pp. 22; map, scale 1: 31,680. Pt. 4. Geology 
of the Wapesi Lake-Tully Lake Area. W.R. M. WiLtiamson and P. P. Hepes 
Pp. 12 Map, scale 1: 63,360 

Mineral Use Guide. R. H. S. Ropertson. Pp. 44; charts 32. Cleaver-Hume 
Press Ltd., London, 1960. Price 21s. Spider web charts of 52 rocks and minerals 
showing b successive outward circies, properties, specifications intermediate and 
final uses; glossary 1 useful reference 

Some Rare-Earth Mineral Deposits in Mohave County, Arizona. E. WiLtiam 
Heinricn. Pp. 22; figs. 5; thls. 7. Price, 50 cents. University of Arizona 
sull., Vol. XXXI, No. 1; Arizona Mineral Technology Series No. 51, Bull. 167 
lucson, 1960. There are reports of the Kingman Feldspar Mine and the Rar 


Vectals Mine, both in the Aquarius Ranae 


Geology and Mineral Resources of Japan. 2nd Edit. Geological Survey of 
Japan, Katsu Saneto, Director, Hisamoto-cho, Kawasaki-shi, Japan. Pp. 1-304 
thls. 44; figs. 41 Map. scale 1: 3,500,000. A complete report on the ology of 


lapan divided into two parts: Pt. 1 covers the general geology and Pt the min 


eral resources of Japan 1 new appendix on geophysical prospecting has been 
added to the second edition In English 

Geology of the Lynn Lake District. G. C. Mittican. Pp. 317; pls. 8: figs 
53; maps 16. Manitoba Department of Mines and Natural Resources Publication 
57-1, Winnipeg, 1960. Price, $2.00. Sulfides were discovered in considerable 
quantity in 1945 in the area which became the “A” Mine 1958 estimates of this 
mine were 14.6 million tons averaging 0.90% nickel and 048% copper 
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The Occurrence of Saline Ground Water Near Roswell, Chaves County, New 
Mexico. |. W. Hoop, R. W. Mower, and M. |. Grocin Pp. 73: pls. 12: figs. 14 


o ' t 
New Mexico State Engineer Technical Rept. 17, Santa Fe, 1960 The deterioration 


f wrigation water f Roswell area led to this investigation {pparentiy lateral 
migration of very saline water within the San Andres limestone is caused by rapid 
withdrawal of artesian water 


Ohio Dept. of Natural Resources, Ohio Water Plan Inventory, 1959. Unde: 


ground Water Resource Columbus, 1960 35 folders of drainage basins with 


j 


Wer resouw si ’ ’ red maps 


Mining In Southern Rhodesia, 1959. Annual Reports of the Director of 
Mines, Chief Government Mining Engineer, Director of Geological Survey, 
Secretary, Mining Affairs Board, Registrar of Claims, and Minerals Informa- 
tion Bureau. Pp. 61: maps 4. Causeway, 1960. Price, 106. The drop in 


1950 d 


s and chrome p IM 'uaus ad major he j dé 


aine Of mineral producto 


Index to the Annual Report to Congress for 1959. Major Activities in the 
we Energy Programs. |!’p. 68. U.S. Atomic Energy Commission, Was! 
gton, 1960. Price, 25 cents 


Rondo of Data on Research and Development Funds for the Performance 
of Basic Research in the United States, 1953-58. I’p. 11. National Science 
Foundation, Washington, 1960. Charts and tables of funds for basic research b 


(y crnment ndust? mn sities, and others 


Australia Bureau of Mineral Resources, Geology and Geophysics 
Canberra, 1959. 
rommaye ny Hy 28. Pye y G. A. Joprin. Pp. 55; fig. 1; tbls Price, 5 


ay is pre f the states of the Commonwealtl ince there 
nand for clay m the Northern Territory. none is mined there 
Summary Rept. 37. Silver. N. H. Fisner, R. S. MatHueson 
Revised by |]. Barris Pp figs. 3: thls. 12. Price. 5 Silver 
imcreasing with ea $1 f base metal mining since the bull 


Om lies 


Summary Rept. 43. Gemstones. |. Barrie and Z. K 

bls. 11 Price, 5 Production is smati except for gem opa 

Joint Meeting, East-Central, West-Central, and Southern Regional 
Committees for Geology, Leopoldville, 1958. 


East-Central Regional Committee for Geology, Sub-Committee on Strati- 


graphical Nomenclature. A. M. Quennece. Pp. 11-26. 4 summary of or 


‘ 
fin j 1 th j Ost ( ode of Stratigrapinu \omenciature 


A Sesiialensy Note on the Pe Geology of ita gpa R. Pickes 


Py 77 


| in f ifernar stratigrapi oun reteren cultuys 


The Geological Rentaininet of Copper Deposits in Tanganyika. |. K 
\V HITTINGHAM Pp. 199-208 Auriferous quarts reefs, sediments and dissemina 

ms in metamorph ind igneous rocks are the environments of primar opper 
mincrais ine depos we small and generall uneconomica 


The Environment of Some Copper Deposits Near Mpanda, Tanganyika 


\ P. Fawtey Pp. 209-211 The Mukwamba mine of western 


Tanganyika is 


Ne ; 
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Charnockites in Tanganyika and Their Associated Rock Groups. A. FE 
Wricnt and T. C. James. Pp. 293-294. Charnockites in Tanganyika are a 
product of high grade metamorphism and have close association with granulate 
facies rocks 

Summary of Silicate Rocks Associated with Carbonate Bodies in Tanganyika. 
r. C. James. Pp. 307-308. Kimberlite, biotite pyroxenite, ijolite and sanidinite 
are associated with carbonative bodies and are assumed to be hypabyssal 


California Division of Mines—San Francisco, 1959-60. 

Spec. Rept. 61. Geological Section and Petrography Along the Poe Tunnel, 
Butte County, California. P. A. Lypon. Pp. 18; pl. 1; figs. 4; photos 15 
Price, 50 cents. Gross physical features within a rock type exerted more influ 
ence on the speed of tunneling and amount of support required than did the change 
from one rock type to another 

Spec. Rept. 63. Geology and Paleontology of the Southwest Quarter of the 
Big Bend Quadrangle Shasta County, California. A. F. SANnorn. Pp. 26; 
pls. 2; figs. 5; photos 12 Price, 75 cents This region contains sedimentary and 
olcanic rocks of Mesozoic and Cenozoic ages 


University of California Press—Berkeley and Los Angeles, 1960. 
Origin of Rock Creek and Owens River Gorges Mono County, California. 
W.C. Putnam. Pp. 221-280; pls. 31-40; figs. 3; map 3. Price, $2.00. Drain 
age changes during the Pleistocene resulted in increased flow and the streams 
excavated to their present depth 
Fossil Mammalia from the Early Wasatchian Four Mile Fauna, Eocene of 
Northwest Colorado. M. ©. McKenna. Pp. 130; figs. 64; tbls. 10. Price, 
$2.50 
The Geolabidinae. A New Subfamily of Early Cenozoic Erinaceoid Insecti- 
vores. M. C. McKenna. Pp. 131-164; figs. 6; thls. 2. Price, 75 cents 


Geological Survey of Canada—Ottawa, 1960. 

Memoir 306. Surficial Geology of the Red Deer-Stettler Map-Area, Alberta. 
\. MacS. STALKER Pp. 140; pls 13: figs. 20; thls. 12 Map, scale 1: 253,440 
Price, $1.25 Some placer gold mining is being carried out; origin of the gold 
is not known although several suggestions have been made 

Memoir 309. Permian Rocks and Faunas of Grinnell Peninsula, Arctic 
Archipelago. P. Harker and R. Trorsteinsson. Pp. 89; pls. 25; figs. 9 
thls. 7. Price. $2.00 The fauna is not easily correlated with any established 


Permian stage and only tentative suggestions are made 


Bull. 57. Ice-Pressed Drift Forms and Associated Deposits in Alberta. A 
MacS. STALKER Pp. 38; pls. 13; figs. 5 Price, $1.25 lt is concluded th 


' 


moraines studied may repre anges im rate of, or halts in the lowering of the 
surface e sheet and therefo the moraines should be correlated by altitude rather 
than by position 

Aeromagnetic Maps, scale 1: 63,360. Maps 809g-814g, Moncton, Buctouche, 
Richibucto, Point Sapin, Point Escuminac, and geology, Wishart Point, New 
Brunswick. Wolf Lake (Map 10-1960), Yukon, scale 1: 253,440 
Aeromagnetic Maps 880g-889g, scale 1: 63,360. Wapesi, Papaongo, Jeanette, 
Birch, Carillon, Wigwasikak, Nabimina, Laughton, McCoy, Petownkip, Lakes, 
Ontario. Geology, Phelps Lake, Saskatchewan, 5-1960; Red Deer-Stettler, 
Alberta, 1081A, scales 1: 253,440 





Aeromagnetic Maps 870g-879g, scale 1: 63,360. Aerofoil, Bluffy, Confedera- 
tion, Shabumeni, Mamakawash, Conover, Mac Dowell, Hewitt, North Spiri«, 
and Niska, Lakes, Ontario; Maps 815g-826g—Tracadie, Caraquet, Port Elgin, 
Cape Egmont, O'Leary, Tignish, North Point, Gulf of St. Lawrence, Miscou 
Island, Pugwash, and Cape Tormentine, New Brunswick and Nova Scotia; 
Map P-1960, Geology Kirtland Lake, Ontario, scale 1: 126,720 


Paper 59-9. Surficial Geology of Sumas Map-Area, British Columbia. |. F 
ARMSTRON( Pp. 27; fig. 1 Map, scale 1: 63,360. Price, 50 cents. Engineer 


ing geology construction materials and agricultural applications 


Paper 59-13. Aeromagnetic Surveys Across Hudson Bay from Churchill to 
Coral Harbour and Churchill to Great Whale og ma Marcaret E. Bower 
Pp. 32 Price, 50 cent 1 6.500 qamma anoma ound 45 miles northeast of 


; 


Churcl may be due to Precambrian iron formation 


Paper 59-14. Uppermost Jurassic and Cretaceous Rocks, East Flank of 
Richardson Mountains Between Stony Creek and Lower Donna River, North- 
west Territories. |. |reLerzKy Pp. 31; maps 2, scale 1:63,360; chart 1 
Price, 50 cents Varine rocks appear to be promising as potential source rocks 


md reservous for peti eum and natural gas 


Paper 60-3. Observations On the Nature and Origin of the Cowhead Brec- 
cias of Newfoundland. DP. M. Bairp. Pp. 25; fig. 1. Price, 25 cents. Tur 
bidity currents trigae i / fault movement appear » be the most likely mecha 
nism for the emplacement of the breccia 

Paper 60-4. Catalogue of X-Ray Diffraction Patterns and Specimen Mounts 
On File at the Geological Survey of Canada. ANN P. Santina and R. J 
PRAILI Pp. 116 Price, 50 cents. Contains a reference file of approximatel 
650 X-ray diffraction patterns of minerals 

Paper 60-8. Precambrian Geology of Arctic Canada, A Summary Account. 
R. G. BLrackapar and J. A. Fraser. Pp. 24; figs. 3. Price, 50 cents. Brief 
resumé of economic minerals mined im the Arcti 

Paper 60-17. Age Determinations by the Geological Survey of Canada. Re- 
pee | 1- — Ages. |. A. Lowpen. Pp. 51; thls. 2. Price, 50 cents. 1) 
scriptions the specime? ised, data obtained, and interpretations by S. C. Robin 


‘ 
lf Hy 


son wil G. M. | 
Geological Survey of Cyprus—1960. 

Memoir 2. The Geology and Mineral Resources of the Peristerona-La- 

goudhera Area. |. M. Pp. 79; pls. 6; figs. 7; thl. 1. Price 1£. Slight 
pPper mincraiication found im a few piaces 


Memoir 3. The ggg and Mineral Mesources of the Akaki-Lythrodondha 
Area. | M Br AR ii ] is. / neg 18 thls 7 Price £1 ( opper Us ld 


} f 
and suver are mined fine rea 


Illinois Geological Survey—Urbana, 1960. 
List of Publications. June 1, 1960. I’p. 4 
Circ. 292. Glacial-Drift Gas in Illinois \ ENTS p. 58: figs. 24: thi 


2 Glacial-drift gas iL to have formed in buried ones and from 


wqgar matter } 


Circ. 293. Clay Mineralogy of Pre-Pennsylvanian Sandstones and Shales of 
the Illinois Basin. Pt. III.—Clay Minerals of Various Facies of Some Chester 
Formations. T. W. Smoot. Pp. 19; figs. 7. Clay mineral suites of sandstone 
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and shale deposit ve? ‘ f letermine ft ' ‘ ient of deposition 


sediments 

Circ. 294. Sand and Gravel Resources of Champaign County, Illinois. 
\ NDERSON Pp. 15; pl. 1; figs. 2 bl 3 Outwash plains are the major 
of sand and grav 


Circ. 295. Gumbotil, Accretion-Gley, and the Weathering Profile. |. ©. Fry: 
H. B. Wittman, and H. D. Grass Pp. 35; figs. 5; tbls. 5. Compared with 
in situ profiles the accretion-gleys show less mineral decomposition It is con 
cluded that the term gumbs fi has ol been suffi icntly restricted as a scientifiu 
ferm 

Circ. 296. Illinois Fluorspar. Fincer, H. E. Risser and J. C. Brap 
BURY Pp. 36; pl. 1; figs. 6; thls Discussion includes the geolog produ 
tion, economic aspects, and uses of Illinois fluorspar 

Circ. 301. Geochemistry of Carbonate Sediments and Sedimentary Carbonate 
Rocks. Pt. III. Minor Element Distribution. D. L. Grar. Pp. 71; figs. 3 
thls. 38 The distribution of major and minor elements in sedimentary carbonaté 


rocks and wchanisms responsible for this distribution are considered on ti 
j 


vasis of pub 1 information faine mn irronmental, geologic, tsotopr / 


I 


experimental 


Indiana Geological Survey—Bloomington, 1960. 
Directory of Producers and Consumers of Clay and Shale in Indiana. |. | 
HARRISON Py 38: fies. 4 Price, 35 cents innual preduction of undercla 
md shale and glacial ry de ned in 1957 and 1958 
Rept. of Progress 17 Gund of Indiana. D. |. McGrecor. Pp. 53; pl. 1 
: th ri $1.00 he gravels m the state are found in glacial de 


vin gi ion 


Rept. of Progress 18. A Seismic Reflection Survey of the Surface of the 
Basement Complex in Indiana. A. J. RupMan. Pp. 26; pls. 3; figs. 7; tbls 


Price, 50 cent There exists an elongate northwestward-trending depression 


on the surface of the basement as ws 22 miles wide and 3,500 feet deep 


Geological Survey of Japan—Hisamoto-Ché, Kawasaki-shi, 1960. 
Explanatory Text of the Geological Map of Japan. Gohyakkoku (Kana- 
zawa-29) lr. Nozawa and T. SAKAMoTo. Pp. 68. Map, scale 1: 50,000. Eng 
lish abstract wp area is fuated 1 wth-central Japan Sennotant mine 
the largest gra te 7 ! ipa t in the Hida metamorphic rocks 
fhe map areca 
Explanatory Text of the Geological Map of Japan. Yagishiri-To (Asahik- 
awa-28. \M. Harta Pp. 24 Map, scale 1:50,000. English abstract agi 


ut rn Hokkaid We OmMmPose 


Explanatory Text of the Geological Map of Japan Harutachi (Sapporo-70) 
H. Sate in S Vamas cHi I’p 15 Map scale 1 30,000 English abstract 
fie map areca s in southern Hokkaido and is I ! hiefl ; 


(/uaterna? i f Some asbestos 1s DE ! j m serpentinite 


Kansas Geological Survey—Lawrence, 1960 
Bull. 143. Geology and Ground- Water Messusces of Harper County, nan 


sas. (. K. Bayni I’p. 184 thls. 10. Ground-water reser 





recharge comes pru Pu rom rain ¢ 


pressions, and underflow from adjacent areas 


Bull. 144. Geology and Ground-Water Resources of Kingman County, Kan- 
sas. C. W. Lani Pp. 174; pls. 3; figs. 13; thls. 7 The Holdredage Formation 
f Nebraskan age is the principal aquifer, but the Grand Island Formation of 


Kansan age is locally important in the western part of the county 


North Dakota Geological Survey—Grand Forks, 1960. 


Bull. 33. Conservation of Oil and Gas in North Dakota. A Legal History 
1948-1958. R. E. S VAN Pp. 12. Early interest in oil and gas conserva 


tion led to sound stati ms Gg erning production and land rights 


Bull. 34. Subsurface Geology and Development of Petroleum in North Da- 
kota. RLSON, W. | SAKKEN and JACK Kumt Pp. 20; figs. 10; thls. 3 


im de logy of vorti Dakota reveais 


. , 
from tite Vesson anticiimne 


Bull. 35. Stratigraphy of the Winnipeg and Deadwood Formations in North 
Dakota. ©. G. Carison. Pp. 149; figs. 17; thls. 2; pls. 2. Detailed lithologi 


if tion J é ed River ( Ordovician) sedimentary rocks in the Williston 


Rept. of Investigation 36. Oil Fields in the Burke County Area, North Da- 
kota. Pp. 71; figs. 37 tains fi ipers: Subsurface Studies by S. B. An 
lerson, D. kk. Hansen, and | ' é ood; Magnetic Map b Viller Hanses 


Johnson; and I:ngineerimg Data by | 


Oil Production Statistics and Engineering Data in North Dakota, Second 
Half, 1959. Pp. 89. Price, $2.00 


Northern Rhodesia Geological Survey—Lusaka, 1960. 
Records of the igo Survey for the Year Ending 3lst December, 1958. 


Ils tbl maps 6 Price, £1 1s Included is a new graphite localit 


Annual Report of the Department of Water Affairs for the Year 1959. |p 


/ Price, ls msiderable investigation has been carried on concerning develop 


e Copperbelt 


Tanganyika Geological Survey—-Dar es Salaam, 1960 


Bull. 30.—Microfioral Investigation of the Lower Coal Measures (K2); Kete- 
waka-Mchuchuma Coalfield, Tanganyika. G. F. Harr. Pp. 18. Price, Shs 
5 Detailed taxonon tions of the Lower Permian flora ari 


ippear ompar th t flora ¢ ther parts of Gondwandal / 


Memoir 1. nar ay of the Geology of bis? gee Pt. Il: Geological 
Map. Py ) il e 1: 2.000.000 Price rf niains explana 


mS i tite 


U. S. Geological Survey—Washington, D. C., 1960 


Bull. 1058-E psn and Ore Deposits of Northwestern eo “er 
Alaska. 1D). L. Rossman p. 139-216. Pls. 12-16; figs. 39-42. Ma 


> 


1: 63.300 iderlain | 
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Bull. 1071-H. Igneous and Tectonic Structures of the Stillwater Complex, 
Montana. W. R. Jones, J. W. Peopres, and A. L. HowLanp. Pp. 281-340; pls 
9: figs. 8 The Stillwater complex may have been arched before Middle Cam 
brian time Erosion exposed an edge of the Comples During the Laramide 


orogeny the complex was great deformed 


Bull. 1106-E. Index to Geophysical Abstracts 176-179, 1959. Dorotuy Vita 


IANO and other Pp 533-621 Price 35 cents 


Bull. 1112-C. Some Geologic Features of the Pima Mining District, Pima 
County, Arizona. |. R. Cooper Pp. 63-101 Pl. 5; figs. 2; map, scale 1:31 
680. <A preliminary report including a discussion the Helmet fanglomerate and 


its structural implication 


Prof. Paper 295. Comprehensive Survey of Sedimentation in Lake Mead, 
1948-49. W. O. Smirn, C. P. Verrer. G. B. CumMiINGs, and others. Pp. 254 
pls. 29; figs. 65; tbls. 29. Rate of sedimentation in Lake Mead indicates that it 


will take more than four mri lake to be filled with sediments 


Prof. Paper 309. The Suites of the Upper Mississippi Valley Zinc-Lead 
District. A. V. Hevyt, Jr F. Acnew, E. J. Lyons, and C. H. Benre, Jr 
Pp. 310; figs. 101; pls. 24 rtended treatment of stratigraphy, structure, loca 
ication of ores, and origin: detailed desc ‘ptions of mines; ores localized by reversé 
normal, and bedding faults and b iution breccias; vertical and horizontal soning 
emplacement hy avi fuiing and repia cement authors favor low-té mperature 


hydrothermal solutions of maqmatic origin 


Prof. Paper 312. Geology and » nce cing Deposits of the Terlingua District 
Texas. R.G. Yates and G. A MPSON. P). 111; figs. 1-25; pls. 1-22; tbls 
5 / Terlingua District m the Big Ben on of Southwestern Texas 


¢ but has produced 150,000 flasks 


Prof. Paper 315-D. Stratigraphy of Pennsylvanian and Lower Permian 
Rocks in Brown and Coleman Counties, Texas. [D. H. Earcie. P 
figs. 11, 12; pls. 25—30; tbl. 1 1 report containing the stratigraphic d 


p Is / 
escriptions 


of Penn anian and Permian ri n central Texas 


Prof. Paper 334-c. Trilobites of the Upper Cambrian Dunderberg Shale 
Eureka District, Nevada. Atiison R. Parmer. Pp. 56; figs. 17: pls. 7 1 


short discussion of stratigrapl md detailed taxonomic descriptions are presented 


Prof. Paper 337. Late Cenozoic Molluscan Faunas From the High Plains. 
D. W TAYLOR Pp O4 pls +: fig 2: thls. 19 Price, $1.00 Des: ription of t 
mollusks and interpretation of their stratigraphic and ecologic significance 


he 


Prof. Paper 352-A. Recent Sedimentation and Erosional History of Five- 
mile Creek, Fremont County, Wyoming. R. F. Hapiey. Pp. 16; figs 
pls. 4: this. 5 The latest trenching of the valley and the formation of the fl 


plain has occurred tce 1920 


4 


Prof. Paper 354-B. Interpretation of the Composition of Trioctahedral Micas. 
M ARGARI 1) Fos : Pp 11-49 hes s thls 12 Price. 35 cents A stud 
f thre ’ ; Th md 1 Ing i! ] TAT ‘ } lites sid 


b 


Water-Supply Paper 1312. Compilation of Records of Surface Waters of 
the United States Through September 1950. Pt. 8. Western Gulf of Mexico 
Basins. Pp. 633: figs Streamflow data is recorded as ear as ¢ 


) Grande 
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Water-Supply Paper 1459-E. Coprecipitation Effects in Solutions Contain- 
ing Ferrous, Ferric, and Cupric Ions. J. D. Hem and M. W. Sxkovestap 
| 15 hg ] t ] Pifates i jerr j lroxide formed at a pH of more 
Water-Supply Paper 1543-B. Storage and Flood Routing. Manual of Hy- 
drology. Pt. 3. Flood-Flow Techniques. R. W. Carrer and R. G. Goprrey 
Pp. 81-104; figs. 31-41; tl / Price, 15 cents Three methods of flood routing 


we discussed, name fa rage, discnharge-storage, and reservoir-storage 


Water-Supply Papers 1555, 1557, 1565. Surface Water Supply of the United 
States 1958. Pt. 3- A. Ohio River — Except Cumberland and Tennessee 
River Basins. |’p. 574: figs. 2. Pt. 4. St. Lawrence River Basin. Pp. 394; 
20. Pt. 11. Pacific Slope Resins in California. lp. 681; figs. 2. These 
Ss are part ihe : Hume seri presenting measurements of stage dis 
akes and reservoirs in the | S. during the year 

Sept 





Economi 


\ l 


SOCIETY OF ECONOMIC GEOLOGISTS' 


PROCEEDINGS FOR THE YEAR 1959 


REPORT OF THE PRESIDENT 
The Society of Economic (,eologists is an international re logical organizatior 
with a “slant” toward specialization in the occurrence and origin of mineral 
! 


deposits im 


coal Its official journal, which is not published by the Society, but 
organization called the Economic Geology Publishing Company, 
attained wide recognition and is furnished to a subscription list over four 
is large as the list of members of the Society 
recent years the Council of the Society has given serious study to the degree 
of success with which the Society is maintaining its leadership in the field of its 
choice This study led, in 1957, to the establishment of a “Program Policy Com 
miittec This has been a very worth while development and has already added 
to the prestige of the Society lhe work of this Committee resulted, for example, it 
the very successful symposium on “Isotope Research in the Field of Ore Deposits” 
vhich w | at the Pittsburgh meeting November 1, 1959 This symposiut 
escribed he Secretary's report. Other symposia to be held in future years 
— 


einy 
During the pas as ial commuttee was set up to take a careful look 
at the membershi t th 1ety Because of the importance of including among 
our members a ibs itia ercentage of geologists living outside of the United 
by three meni bers was found to be 
to provide that sponsorship of 
he iccepted or the basis of the 
ponsors owledge of the candidat omplishment and reputation, even thoug! 
the sponso iemselves ot acquainted w him personally 
Other uli were } l sur hat the membership continues to 
| zation oft the ~ociety reg irdless ot na 
gresses furnish an excellent oppor 
tunity to | society ‘ ld ‘ting hich residents ide of Nort! 
America can attend more 1 lily than tl oul meetings that a held wit! 
the United States 


Another very important i\ vhich the Society has a deep interest and 
protessior il I 1 nsibility ~ mr d Bibliography or Econon 1¢ (Geolog 


x 


This publicat vas started i g2 the late Waldemar Lindgren and your 


y 


president has nostalgic memories of s ; Lindgren hunched over his crowded 


desk writing out in | ilmost micro handwriting, “annotations” of ther 


x 


literature he nn Bibliography has developed wide esteem be 
’ 
| 


innotatior ummarize rieti the content of articles, n } whicl 
iccessible to the averags reolog The cost of annotating the literature 
the Geological Society t America 


Geology Publishing Con pany \ 





r to study 
usefulness | 


future o his | heatior 


one (,eoscrience 


Abstracts 


it 
illy be lumes 
cove entyv-five 


tudent i i lv acce 
50.000 


is¥ acct overt 


stucent iT (Council ip 
to ti etv. but the 


Lovet 
ternoon sessio . CO 
courtesy President 
itior jack H. McWill 
(Kennecott Copper 

N. Rove 


Laughl 


( orporatior 


bert He pple t 


‘ 
t 





rated the one-hundredth anni sary t tl irth of aldemar Lindgren, dis 


tinguished scientist, educator, and pioneer leader i; the study and interpretatior 


ot ore deposits, a founder of both the journal of Economic Geology (1906) and 
of the Society of Econom (;eologists (1920) pec ial speakers it this event 
were L. C. Graton, Emeritus Professor Economic Geology, Harvard University 
and Herbert Hoover, former Presi t the United States, each of whom served 


during the early part of ; f ni i nder Lindgren’s direction 


Year 1960 


Program Committe 


M. LeRoy Jenset 
Paul Averitt 
Herbert | 

James P 

Frank G 

Harok 


Program 
M. LeRoy Jenset 
Robert | Folinsbee 
Lester (, Zeihet 


Charles 

Charle 

lohn K 

James !’ nie ( » 


crm expires IO - 
Weston Bourret . 
Robert M Carrels 


{dmissions ( Vincent E. McKelvey 

James | Thomson ‘irmat I Harrison 

Charles F. Park 

Robert B. Fulton 

Robert M. Garrels Robert M. Foose 

John C. Frye Herbert E. Hawkes 
Stanley | Jerome 

Finance ¢ 

Joseph 1 

Olat N 

john K 


Vominatis 
Desmond | 
lames Boy 


( arl Toln 


Publicatioy 
Duncan R. Det 
Charles A. An 


Richard H. | 


November 


1S re specti 





ippou tee 


XXI 


to the 


t 


1 Robert 


ind 
done 


McKins 
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portant to economic g ry ot more than three Awards may be made in any 
one year (Th f at xtension of a plan outlined by the Committee 
ind reported in the rs for 1958 (Economic Grorocy, Vol. 54. No. 6 
Sept.—Oct. 1959) which vided for a single award. ) 

Also on advice of the nmittee on Research, the Council approved a plan “to 
select each year a Distinguished Research Lecturer. to deliver a lecture on a sub 
ject judged important to economic geology at the national informal meeting of 
the Society, and that, at the time of the lecture, a suitable citation be conferred 
upon the lecturer by the President of the Society 

Ground rules to govern the selection of recipients for the Waldemar Lindgren 
Citation Awards and for s ing the Distinguished Research Lecturer are being 
drawn tor Council consideratio y a Committee, appointed by the President 
consisting of Robert M ] Patrick M. Hurley, and Vincent | 
MeKelvey 


ard 


On recommendation o ! ommittee on the Penrose Medal Award, the 


Council unanimously approved tl election of John Stafford Brown to be the 


14th recipient of the Os i * Society of Econom Geologists tor 


unusual origi wot n the Eartl , 1 Medal was presented to Dr 


cheor meeting ot the Society held 


ratihication 


' . 
( Membership ) Sec. 2. 3 


( Officers d their du 2. 4, 5, and 6; Art. VII, (Council 
duties ) ‘ cl Ar | Meetings ) SOC l By an over 
jority of the vot cast, the membership ratified each of these amend 
Council al ipproy 1 number of changes in the By-Laws, specif 

(Nomi " i lection of Officers and Councilors) Sec. 1 and 
7 The various amendments to 
effective as of April 1, 1960 \ 


mas been sent to the n embership 


\. Paul Gerhard Sohnge 
Luis Santos-Yfigo 
Haddon F. King 

Kingsley Charles Dunham 
|. Ruben Velasco 

Alberto Benavides 2 





William P. Huleatt 
Warren M. Woodw 


Zuloag 


Reber Ir 
Robinsot 


numacner 
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Carlos Garcia Gutierrez John Robbins Ran 
John Christopher Hagen Rolland R. Reid 
su-Ming Han William George Robinsor 
Herbert Ewing Harper Carlos F. Ruiz 
Donald Henry Hase Herman Theodore Schassberger 
Paul Herbert, Jr Raymond L. Schreurs 
Heath Roydon Hose Robert Alexander Sear! 
Cornelius Searle Hurlbut, Ir Caswell Silver 
William James Huston Brian John Skinner 
Richard William Hutchinsor Charles H. Smith 
Cesar Bulaun Ibanez Ronald K. Sorem 
Gunnar Kullerud Arthur Rood Still 
Charles Jay Kundert Paul Kellogg Theobald, Jr 
Jan Kutina Harold Edgar Thomas 
James William Lee Gene Edward Tolbert 
Robert F. St. George Lethbridge Charles McFarland Tschanz 
Roger Conway Malan Aleksis von Volborth 
Lawrence Edward Marnior Mervyn Leslie Wade 
Alberto I. Manrique Paul Lester Weis 
Clifford Arnold Mark Robert Llewellyn Wells 
Leo Joseph Miller Warret Henry Westphal 
Geoffrey Pharamond Mitchel Joseph Francis White 
Kedar Narain Kenneth Leland Wier 
William Louis Newmar john Tuzo Wilson 
Thomas Francis O'Neill William Harold Wilson 
Charles Phillips Purdy 
()t the e,. ten were recommend issions tof mittee - sixtv-seven 
by the 1959 Admissions Con 

Harotp M. BANNERMAN 

Secretar 


TREASURER FOR FISCAI . IG NOVEMBER 30. 1959 


sodituer 


Dues $ 6231.92 


Initiation Fees 350.00 


Net Investment Income 6,001.05 
Surplus from SEG Luncheor 32.70 


Economic Geology Publishing Co 00 


‘ 
Annotated Bibliography (from National Academy of Science ) 46.23 
Special Contribution for Pittsburgh meeting 400.00 
$13,068.90 

hand Deceml 1, 1958 8,790.13 


Total $21,859.03 





$8.75 
550.00 
296 BO 


672.00 


$10,143.59 
11,715.44 


$71,859.03 


Book Varket 
Value Value 


Allied Chemical ar poratio $ 5,024.74 $ 6,201.25 
Aluminun 1 ‘ 12,906.71 20,460.00 
\ 


meric: phone an graph Comp: 22,372.47 $6,609.75 


oa 


} Ot iS at lectr 3979.56 »,000,00 
12/100 Dow emical ‘ 4,165.98 058.67 
I 


1 
alter 


ord Motor Compat 119 050.00 
General Motor $37 112.50 
1 — , 3615 8. 569.00 
J2R9 424.00 
641.2 078 
900 


5.366 
ORR 


Sie 


232.2 





VOMIC GEOLOGISTS 


1588 


I:ndowment Fund 
Balance December 1 
Li 


le Me mber ships 


Balance Novembet 


Penrose Medal Fund 
Balance Decet 


Incon ¢ 


Balance December 


December 
November 
1 D r ot Secretary 


ont 


nt Receipts fron Members 


nrose Medal sh ire 


Liabilities 





$ 30,148.02 

6.39034 

2,841.50 

Sustaining ul 50.00 


Special Contributior 100.00 


Surplus Furs 67 825.54 


$107,655.40 


losernu T. SINGEWALD 
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SCIENTIFIC NOTES AND NEWS 


H. I. ALTsSHULER has b ippointed an associate of Behre, Dolbear and Con 
pany, Inc., 11 Broadway 

DonaLp M. Davinson, geologist, president of the E. J. Longyear Co., Min 
neapolis since 1958. died | ily unexpectedly at his home while he slept 
the night of September 15 
' 

Witttam W. Rusey ntil recently of Westmoreland Hills, Md., left the 
] 


Geological Survey on Septet r 30 to take up a new appointment at the Univer 


sity of California Dr. Rubey will retain a part time affiliation with the Geological 
Survey under the appointment with the University of California 


A. R. O. WILLIAMS, a ring director of Consolidated Gold 
Africa, Ltd., and of New Consolidated Gold Fields, Ltd 


Fields of South 
has been elected President 
of the Institution of Mining and Metallurgy of London for 1961-62 


The A. A. P. G. have n inated 1¢ following slate of officers for next vear tor 
president, Mason L. Hill and Harol Morley ; for vice-president, J. Ben Carsey, 
Ralph W. Edie, and Wm. J. Hilseweck; for secretary-treasuret 
for editor, Grover E. Murray 


(,eorge \ ( ohee : 


RicnMonp F. Brown, St. Paul, Minnesota, has been appointed District Geol 
ogist there for the Geological Survey Ground Water Branch. Mr. Brown suc 
ceeds Robert Schneider who has been reassigned to Washington, D. C., as assistant 
to the chief of the Ground Water Research Section 


C oesite 


on earth before \ ntl ollected and identified by Geological Survey 


Scientists at Meteor Crater izona, | 


table form of silica not known to occur naturally 


las now been recognized in rock specimens 
collected near the rim of Germany's famous Rieskessel in Bavaria, suggesting 


that this is also a meteoric crater 

Paut F. Kerr, Newberry Professor of Mineralogy at Columbia University, 
has lett to spend eight weeks at University of Oslo as NATO guest protessor 
in the Departn ent of Geology | he will offer 


ry a sequence ol graduate lectures 
ind semi s devoted to re earch developments in Mineralogy as carried 
, 
Lis 


on at Columbia ry rogram will include work in fine grained miner 





ADVERTISEMENTS 
INCREASE IN SUBSCRIPTION RATE—ECONOMIC 
GEOLOGY 


Effective immediately on all orders for Vol. 56 and subsequent 
volumes until further notice: 
Per Vol. 
Domestic Rate . 
North, South and Central America 


All others .. 
Single issues $1.50 per copy 





How to use... 
How to prepare . . . 
How to interpret. . . 


PALEOGEOLOGIC MAPS 
by A. |. Levorsen, author of GEOLOGY OF PETROLEUM 


\ practical and useful book for students and practicing geologists inter- 
ested in the history of sedimentary rock sequences 178 pp., $6.00 


y He : . canPa a 660 Market Street, San Francisco 4, California 








ROCK ANALYSIS FOR GEOLOGICAL 
RESEARCH 


Rapid accurate results from an authoritative laboratory—carefully directed 
by graduate chemists and physicists—using modern techniques—spectro- 
graphic—spectrophotometric—chemical—reporting results six weeks after 
receipt of samples or sooner. 


Request Details or Submit Samples to: 


TECHNICAL SERVICE LABORATORIES 


355 KING STREET WEST TELEPHONE EMpire 2-4248 
TORONTO 2B CANADA 


Specialists in rock and mining analysis 


Research facilities available for: 


Ore Dressing—process development—extractive metallurgy investigations— 
mill and plant analytical control methods 
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1DVERTISEMENTS 


The variety of separa 
tions made possible by 
the ISODYNAMIC 
Magnetic Separator is 
practically infinite. Its 
use is limited only by 
the great number of 
magnetic minerals in na 
ture—even many not 
usually thought of as 


magnetic—and their 


range of susceptibilities. 


INCLINED FEED 


Peculiar to the ISODYNAMIC Sepa- 
rator is the special configuration of the 
pole pieces which accounts for its excep- 
tional selectivity. This results in a 
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in the operating space. 
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ANNOTATED BIBLIOGRAPHIES OF ECONOMIC GEOLOGY 
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RESEARCH POLARIZING MICROSCOPE 


DIALUX-POL 


The new LEITZ DIALUX-pol is the most advanced, universal polar- 
izing research microscope ever manufactured. It wos designed for 
the geologist, minerologist, petrographer, paleontologist, and the 
industrial research microscopist 

The DIALUX pol maintains the principle of interchangeability, 
famous with all LEITZ precision instruments, so thot it is readily 
used for tronsmitted light os well os for refiected-polorized light. 
With the simple addition of a connecting bor, it provides synchro 
nous rotation of polarizer and analyzer 

In addition to a built-in light source and condenser system, the 
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maximum operational ecse 
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